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Abstract
This investigation involved the analysis of selected gastroenteritis
viruses, adenovirus and bovine coronavirus, obtained from faecal samples,
collected from hospital and diagnostic laboratories respectively in Cork city,
Ireland. The viruses isolated from these samples were subjected to analysis
using cell culture and nucleic acid extraction. In addition adenovirus was
analysed using PCR and PCR followed by restriction endonuclease digest.
Many samples contained more than one gastroenteritis virus, the virus of
interest and a natural co-infection with rotavirus species. Rotavirus infections
in Ireland have been extensively studied and we were interested in studying
singly and doubly infect samples.
Bovine enteric coronavirus samples were obtained from the Cork
regional Veterinary Laboratory. This virus causes gastroenteritis in calves
and is a major source of bovine morbidity and mortality. These samples were
studied for their ability to infect various cell lines in vitro. Factors such as the
presence or absence of trypsin in the cell culture media were investigated for
their effects on cell culture infection and were found to affect the appearance
of both uninfected and infected cells. These virus samples were also used to
infect cells expressing the anti-apoptotic gene bcl-2.
Human enteric adenovirus positive clinical samples were obtained from
Cork University Hospital. These samples were filter-sterilized and the isolated
virus used to infect a panel of selected cell lines in vitro. Adenovirus samples
were shown to infect the cell lines HRT-18 and HT-29. The isolates were also
tested by ELISA for adenovirus and rotavirus. The adenovirus isolates were
also subjected to molecular analysis by two different PCR methods. The
second PCR method was combined with a restriction digest of the PCR
products. These restriction digests were subsequently preformed to establish
whether Ad40 or Ad41 were present. All of the clinical samples examined
were positive for human enteric adenovirus serotype Ad41. Cell culture
passages of adenovirus were also examined by PCR and ELISA. These
samples were identified as being positive for adenovirus.
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CAR
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Section 1
Literature Review

1.1: Gastroenteritis
Gastroenteritis (GE) is an inflammation of the gastrointestinal tract,
which can result in vomiting and diarrhoea.
Bacteria, viruses and parasites such as Cryptosporidia can cause
infectious gastroenteritis. Other causes of GE include shellfish poisoning,
bacterial toxins associated with food poisoning and diseases of the
gastrointestinal tract such as Crohn’s disease or ulcerative colitis (Diskin,
2003; Prescot, eta!., 2005; Blacklow and Greenberg, 1991).
The viral agents of GE include rotavirus, adenoviruses, noroviruses
and coronaviruses. All of these viruses are known to cause diseases in both
humans and animals.

Rotaviruses are a primary cause of GE in infants

world-wide. Research carried out at the CDC has determined the number of
rotavirus GE deaths worldwide in children under 5 years to be 610,000 p. a.
(Glass, 2006).

Adenoviruses are known to cause GE primarily in children.

Noroviruses are associated with seasonal infection known as the “winter
vomiting virus”, which is becoming an increasing problem in the Irish health
care system. Coronaviruses cause a wide range of diseases in birds and
mammals; they are most commonly associated with GE in cattle and other
ruminants i.e. deer, elk, and camels (Wunschmann, et al., 2002). The
relationship between coronaviruses and human cases of GE is less clear
(Resta et al., 1985).
In 2002, a respiratory disease caused by a coronavirus (SARS-CoV)
emerged in China sever acute respiratory syndrome. The BARS coronavirus
has been detected in the stools of infected patients (Guan et al., 2004). A
novel coronavirus has been detected in the faeces of bats in Hong Kong

(Poon et al., 2005). In both human and bovine coronaviral respiratory
infection, virus particles have been detected in stools (Gelinas et al., 2001;
Benfield and Saif, 1990).
The etiological agents of infectious non-bacterial, non-parasitic GE frequently
remain unidentified (Herrmann, et al., 1991), as the diarrhoea may be mild
and of short duration, the patient may not require medical involvement.
These viral agents cause diarrhoea by adherence and mucosal
invasion of the vili (Diskin, 2003). This results in the mucosa becoming
irritated, which brings about an increase in the rate of mucosal secretions. The
mucosa secretes large quantities of water and electrolytes, in addition to the
normal mucus secretion. This produces an increase in fluid in the lumen of
the intestine, which cannot be adequately reabsorbed, leading to dehydration
and loss of electrolytes. This can be rapid and severe.
An estimated 100 million cases of acute diarrhoea occur in any given
year in the United States; of these patients, 90% do not seek medical
attention and 1-2% require hospital admission (Diskin, 2003). The
underreporting of cases of GE makes any attempt to quantify the actual rate
of incidence an estimate at best. The figures reported are highly variable,
even those produced by a single source. Figures released by the CDC
frequently vary by significant amounts. The low rate of testing to identify the
cause of reported cases leaves much scope for investigation.
This limits attempts at vaccine development, for example, in the case of
rotavirus, Reidy and co-workers have identified a change in the profile of
strains circulating in the Irish population (Reidy et al., 2005). RNA viruses, as
a result of their replication strategies, lack the error correction and

proofreading ability of DNA polymerases. Therefore, a vaccine directed
against a particular strain may be rendered useless when a different strain
begins circulating in a population. RNA viruses, particularly those with
segmented genomes, i.e. influenza and rotavirus, can undergo recombination;
the resulting reassortment viruses may change sufficiently to evade a vaccine
response. Diarrhoeal diseases can quickly reach epidemic proportions,
overwhelming public health systems, e.g. Norovirus outbreaks in Ireland and
across Europe in 2002 (Lopman et al., 2004, Figure 1.4).

7

V'c

Figure 1.1. Global distribution of deaths due to rotavirus diarrhea Each

point represents 500 deaths based on an estimate of 440,000 deaths (Parashar et
al., 2003).

The Centers for Disease Control and Prevention has determined the
annual number of rotavirus GE deaths worldwide in children under 5 years to
be 610,000 (Glass, 2006), an increase from a previous estimate of 440,000
deaths (Parashar et al., 2003). The distribution of these deaths is shown in

Figure 1.1. Early diagnosis and treatment by oral rehydration therapy can
prevent these deaths. Compared with other causes of infant mortality,
diarrhoeal deaths are the easiest to prevent (Ho et al., 1988).
The course of viral GE is typically self-limiting. Treatments are
intended to counteract the effects of dehydration by fluid replacement with
isotonic liquids and relieve discomfort with analgesics and antiperistaltic
drugs (Prescott et al., 2005).
Table 1.1.Viruses known to cause gastroenteritis.
Virus Family
Adenoviridae

Viruses
Enteric adenovirus serotypes

Disease
Infantile diarrhoea of long

Notes \ Epidemiology
Food and water have not been

40 & 41 (Blacklow and

duration (children <2yr).

reported as vehicles (LeBaron et

Greenberg, 1991).
Astroviridae

al., 1990).

Human astrovirus serotypes 1-

Diarrhoea of children <7y

Foodborne outbreaks affecting

8 (Petrie, 1999).

and the elderly.

1,000s of children and adults
have occurred in Japan (Lai et
al., 2007).

Caliciviridae

Noroviruses, Norwalk-like

Adult winter vomiting.

Consumption of contaminated

viruses (Blacklow and

foods e.g. raw oysters (CDC

Greenberg, 1991).

factsheet) or directly from water
(Parshionikar et al., 2003).

Coronaviridae

Coronaviruses, Toroviruses

Calf diarrhoea, human

Mainly seen in newborn GE

(Petrie, 1999, Resta et al.,

necrotizing enterocolitis.

(Han et al., 2006).

Pestivirus (Diskin, 2003,

Short duration GE in

Detected in children in an

LeBaron et al., 1990).

children <2y. Bovine viral

Arizona Indian reservation

diarrhea virus.

(LeBaron et al., 1990).

Detected in stools.

Reported in shellfish-associated

1985).
Flaviviridae

Parvoviridae

Parvoviruses (LeBaron et al.,
1990).

outbreaks (LeBaron et al.,
1990).

Reoviridae

Rotavirus Groups A, B, & C

Infant GE (3- 15 m).

(Blacklow and Greenberg,

Day-care centres, creches, etc.
(Reidy et al., 2005).

1991).
unclassified

Picobirnaviruses

Diarrhea in both children

Detected in HIV infected

(Bhattacharya et al. 2007).

and adults.

patients (Grohmann et al.
1993).

In an agricultural context, GE viruses can cause economic losses by
slowing the growth and weight gain of food animals e.g. beef cattle. Due to
the frequently confined, high-density nature of intensive farming, viruses can
rapidly spread through farms. The conditions of intensive rearing of cattle can
also increase stress on the animals, which may increase their susceptibility to
infection (Fagan et al., 1995).

Even if actual diarrhoeal deaths are low, the

economic damage can still be high. Therefore, early detection is of importance
in this context.

1.2: Gastroenteritis viruses
If the causative agent of an episode of diarrhoea is known, then the
likely clinical progression of the illness will also be known. Therefore, if the
course of illness is not as expected, a problem is indicated.
Viruses from a broad range of families are known to cause
gastroenteritis. As well as the viruses described in Table 1.1, viruses such as
Hepatitis E and some of the low number serotype adenoviruses (Li et al.,
2005) are also associated with gastroenteritis. GE viruses have been
established as major human pathogens for over 30 years (Petrie, 1999).

Table 1.2. Biophysical properties of GE viruses.
Biophysical

Adenovirus

Astrovirus

Coronavirus

Norovirus

Rotavirus

Dimensions

80-llOnm

27 - 30 nm

120- 160 nm

27-32 nm

60 - 80 nm

Capsid

round with

round with

elongated with

round with

round with

icosahedral

polyhedral

helical

icosahedral

icosahedral

symmetry

symmetry

symmetry

symmetry

symmetry

dsDNA

ssRNA

ssRNA

ssRNA

dsRNA

150- 180 X 10*^

8 X Uf

400 X 1 O'’

15 X 10'’

11- 14 X 10'’

133 - 1.34 gcn^

1.36 - 1.39 g/cnf

1.23-1.24

1.33- 1.41 g/cm^ in

1.26 - 1.44 g/cm'^ in

in CsCl

g/cnf in CsCl

CsCl

CsCl

Property
Image

! Nucleic acid

1

Molecular

II

mass

j

I

I Buoyant
density

1.15- 1.19g
cm^ in sucrose

Envelope

No

No

Yes

No

No

PH tolerance

pH 5-6

pH 3

pH 3

pH 4.5-7

pH 3-9

160S

300-500 S

170-187S

520-530S

(Under in vitro
conditions virions
are stable)

Sedimentation
eoefficient

(Berk, 2007, Lai et al., 2007, Green 2007, Estes and Kapikian 2007, Mendez
and Arias, 2007, http: w\\\\ .nchi.nlm.nih.go\ IGl Vdh index.him)
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1.2.1: Adenoviruses
Adenoviruses are non-enveloped, double stranded DNA viruses of the
family Adenoviridae. Human adenoviruses are in the genus Mastadenovirus
(Human Mastadenovirus H).
Table 1.3. Genera

Adenoviridae (Berk, 2007,

http: cized.eenes.niu.ac ip Species!)B ncbi taxononn .php).
Adenoviridae

Isloated from

Atadenovirus

Possum, bovine, ovine

Aviadenovirus

Fowl adenoviruses A - E

Mastadenovirus

Mammals - all human adenoviruses

Siadenovirus

Frog, turkey, plum headed parakeet

unclassified

White sturgeon

Figure 1.2. Adenovirus EM (Bar lOOnm).

Adenoviruses were first identified in 1953, by researchers looking for
agents responsible for acute respiratory diseases. Adenoviruses are now
known to cause other illnesses in humans and animals. Many of these
diseases are usually mild and self-limiting, but in the case of
immunocompromised patients, adenovirus infection can cause fatal infections
(Grohmann, etal., 1993).
The link between adenoviruses and GE has not always been clear:
numerous species of adenoviruses have also been detected in cases of
diarrhea, but many adenoviruses have been detected in control samples.
Many adenoviruses replicate in the intestines but do not cause diarrhea. The
detection of adenovirus in stool samples can be attributed to viral replication in
a different location and may not indicate adenovirus as the causative agent.

1.2.2: Astroviruses
Astroviruses were discovered in 1975, by Madeley and Cosgrove,
when they observed small round viruses, with a distinctive 5 or 6 pointed starlike appearance when viewed by direct electron microscopy. Astroviruses are
non-enveloped RNA viruses (Mendez and Arias, 2007). Their genome is a
6.8kbp plus sense, single-stranded RNA.

*-

Figure 1.3.

*^'-

Aslrovirus. The bar represents 100 nm. Magnification 100,000 X.

Astrovirus infection is associated with GE in children. A study in
Thailand revealed an astrovirus incidence of 8.6% in children with GE
(Herrmann et al., 1991). The incidence of astroviruses reported in this study
was more frequent than enteric adenoviruses, and approximately half that of
rotavirus infections (Herrmann et al., 1991). A recent Irish study identified an
astrovirus incidence of 7% in cases of non-bacterial GE specimens submitted
to Tralee General Hospital (Foley et al., 2000). The incidence of astrovirus
infection increases in winter (Mitchell et al., 1999). Infection is most common
during winter months in temperate regions, and during the rainy season in
tropical regions (Mendez and Arias, 2007). The typical age range for
astrovirus infection is neonatal to seven years.
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Astrovirus gastroenteritis primarily affects young children. Infections
have, however, also been reported in elderly, institutionalized, and
immunocompromised patients (Mendez and Arias, 2007). Clinically,
astrovirus diarrhoea presents indistinguishably from rotavirus diarrhoea. The
main distinction is that astrovirus diarrhoea is milder and does not lead to
significant dehydration or hospitalization (Mendez and Arias, 2007).
A study of HIV infected patients in Atlanta, Georgia, USA, identified
astrovirus in 12% of patients with diarrhoea, and 2% in patients that did not
present with diarrhoea (Grohmann et al., 1993).
Clinical symptoms generally last up to 3 days and include vomiting,
abdominal pain, fever, and diarrhoea. This diarrhoea has been known to
continue for 7-14 days and to be accompanied by virus excretion (Petrie,
1999). The infection is usually mild and self-limiting (Mendez and Arias,
2007).
Outbreaks of astrovirus infection have also been reported in residential
facilities for the elderly (Blacklow and Greenberg, 1991). Sporadic outbreaks
of gastroenteritis due to astrovirus have been reported among elderly patients
and immunocompromised adults. Both community-acquired and nosocomial
infections have been described (Mendez and Arias, 2007).

1.2.3: Coronaviruses
Coronaviruses have long been associated with GE in animals, but the
association with GE in humans is less clear.

Porcine transmissible

gastroenteritis was first identified in 1946, before the coronavirus genus was

defined in the 1960’s (Lai et al. 2007). Mebus and co-workers identified
bovine coronavirus in 1971 (Clarke, 1993).

Figure 1.4. Bovine coronavirus EM (Bar lOOnm).

Coronaviruses have also been identified as causing enteric infections
in: turkeys, rabbits, dogs, cats, cows and other ruminants (Lai et al., 2007).
Coronavirus-like particles have been observed in the faeces of infants with
necrotizing enterocolitis (Resta et al., 1985). A coronavirus related to BCV
was isolated from a child with acute diarrhoea (Han et al., 2006).
Viruses in the genus torovirus, are a known cause of GE in bovines,
(the Breda virus), they have also been identified in humans in cases of
persistent and acute diarrhea in children (Wilhelmi et al., 2003).
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1.2.4: Noroviruses
The noroviruses take their name from the original strain of Norwalk
virus, which caused a GE outbreak in a school in Norwalk, Ohio, in 1968
(Green et al., 2000). Kapikian and co-workers identified the first of the
noroviruses in 1972, using lEM (immuno-electronmicroscopy. Green, 2007).
The Noroviruses are a group of single-stranded 8k bp RNA viruses, belonging
to the genus Norovirus, the family Caliciviridae. Many members of this family
have been associated with GE. The unique nature of these viruses has
presented a number of problems. The noroviruses are small, typically 2740nm, which makes diagnosis by EM difficult (Foley et al., 2000; Figure 1.6).
They lack a distinctive morphology when viewed by direct EM. Using the
technique of lEM can enhance visualization; antibody binding to virions results
in a “fuzzy” appearance. lEM also has the advantage of concentrating the
virus by aggregation (Green, 2007).
Noroviruses are associated with GE in older children and adults; they
also cause mild GE in younger children (Green, 2007).
Typical clinical testing can identify the main GE viruses, rotavirus and
enteric adenovirus. This leaves a “diagnostic void” for many cases of GE. The
most important cause of non-rota/adenovirus and non-bacterial infectious GE
is norovirus. The noroviruses are the most important etiologic agents of viral
GE in adults. This group of viruses is not routinely screened for in hospital
laboratories.
Norovirus GE is characterized by a sudden onset of symptoms, which
are typically of short duration. In one study of an outbreak of Norovirus GE,
the mean duration of symptoms was 12-60 hours (Green, 2007). These
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symptoms include vomiting, diarrhoea, and stomach cramps (CDC Norovirus
Factsheet, 2006 http://www.cdc.qov/ncidod/dvrd/revb/qastro/norovirusfactsheet.htm).

Norovirus
Aftected
Areas

Figure 1.5. Norovirus affected areas NVRL April 2004 (Jan to March 127

positive samples from 24 separate locations) NDSC (vvvvw.ndsc.ic).
Noroviruses are highly contagious and patients can remain infectious
for 3 days after they recover. These factors can contribute to the rapid spread
of the virus. Figure 1.5 demonstrates the degree to which the virus can spread
through a population in a few months.
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Figure 1.6. Norwalk virus bar ^ 100 nm.

Noroviruses cannot induce illness in laboratory animals and are not
easily or routinely grown in cell culture (Straub et al., 2007). This has
hindered development of detection strategies by limiting development of
suitable detection antibodies for immunological techniques. The fastidious
nature of these viruses has also slowed development of nucleic acid based
detection techniques. Norovirus antibodies have been detected by immune
adherence haemagglutination assay. ELISAs to detect norovirus have been
developed using virus-like proteins assembled by expressing the capsid
protein (VP1) in a recombinant system such as baculovirus (Burton-MacLeod,
et al., 2004).
Noroviruses also present problems for potential vaccine development.
It is difficult to develop a vaccine for a virus that cannot be grown in tissue
culture or induce illness in a laboratory animal. Two requirements for vaccine
development are the ability to cultivate large quantities of the virus and the
15

presence of a tissue culture system or an animal model. Recent attempts
have been made to develop a cell culture model for norovirus infection. This
has involved the use of 3-D organoid models of human intestinal epithelium
grown on porous beads in rotating bioreactors (Straub et al., 2007).
Noroviruses are frequently responsible for outbreaks of food poisoning
linked to the consumption of raw oysters harvested from contaminated waters.
Noroviruses capable of remaining viable across a range of temperatures from
freezing and cooking up to 60°C, for example in steamed shellfish (CDC,
2006 http://www.cdc.qov/ncidod/dvrd/revb/qastro/norovirus-factsheet.htm).
There are a number of characteristics responsible for this degree of
infectivity. Noroviruses require only a small number of viral particles to induce
acute infection, they have a high attack rate, and, as has been stated, they
have an unusual degree of environmental stability (Lopman et al., 2004).
The emergence of this novel strain was detected by the presence of an
unusual seasonal pattern and a sudden, conspicuous increase in norovirus
GE in Europe. Subsequent analysis identified the cause as a new variant of
genogroup 114, this variant was detected in 9 European countries (Lopman et
al., 2004).

1.2.5: Rotaviruses
Rotaviruses are generally recognized as the leading viral cause of GE
in children. In Ireland, studies have shown rotavirus is the primary cause of
hospital admission for GE among children (O’Halloran et al., 2000; Reidy et al.
2005). Globally, there are an estimated 610,000 deaths annually, resulting
from rotavirus infections of children under 5 years (Glass, 2006).
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The rotaviruses are a genus within the family Reoviridae. They are
non-enveloped viruses with a double-stranded, segmented RNA genome.
The rotavirus genome consists of 11 segments ranging in size from 0,6 to 3.3
k bp. The isolated RNA segments are non-infectious. The mature virus
particles are 75nm in diameter, with a triple-layer icosahedral capsid (Estes
and Kapikian, 2007).
The first rotavirus vaccine approved for human use was RotaShield®.
However, there were subsequent observations of increased incidence of
intussusception. Although this side effect was uncommon, it was a potentially
life threatening condition. Therefore RotaShield® was withdrawn from use in
1999, less than a year after it was introduced in the US (Glass and Parashar,
2006).
RotaTeq®, manufactured by Merk, is a new pentavalent human-bovine
reassortant rotavirus vaccine which was developed in 2006 (Glass, 2006). It
was licensed for use in the US by the Food and Drug Administration. It is
based on the bovine strain WC3, with 5 human-bovine reassortment viruses
(Glass and Parashar, 2006).
Rotarix®, a live, oral, attenuated vaccine manufactured by
GlaxoSmithKline was licensed by the European Medicines Agency in 2006.
This vaccine is a live attenuated G1P[8] human rotavirus vaccine (Glass and
Parashar, 2006).
A vaccine has been developed in China, based on a strain of ovine
rotavirus (G10P[12], Mohan, et al., 2006).
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Figure 1.7.

Rotavirus EM (Bar lOOnm).

Most rotavirus infections occur during the cooler, winter months
(LeBaron et al., 1990). Rotaviruses have a global distribution as they have
been detected worldwide, wherever their presence has been investigated
(Estes and Kapikian, 2007).
In the present investigation, rotavirus served as a positive control and
was frequently observed in mixed infections, occurring along side the target
viruses. The positive cell culture control was provided by a human rotavirus,
strain WA, This strain was cell culture adapted and induced infection in all the
cell lines used.

1.2.6: Other gastroenteritis viruses
Recent studies have identified a number of other viruses which may be
implicated in outbreaks of non-bacterial GE. For example, a study of children
younger than 2 years old in Britain, identified pestivrus-antigen positive
specimens in 23% of cases of GE, compared with 3% in the control group
(LeBaron, 1990). Pestiviruses e.g. Bovine Viral Diarrhea Virus are also
responsible for GE of cattle (Linderbach et al., 2007).
Picobirnaviruses have been reported in cases GE in children in India
(Bhattacharya et al. 2007). These viruses are also known to be associated
with animal GE. Parvovirus-like particles have been identified in faeces of
healthy and ill individuals in Britain (LeBaron, 1990).
Viruses such as the enteroviruses and Hepatitis A can be detected in
faeces but they are not primarily associated with GE. Hepatitis A and E are
transmitted by the faecal-oral route. Hep A is a picornavirus that reproduces
in the intestine. The resultant GE symptoms are usually mild, viremia may
occur, which allows the virus to spread to the liver via the hepatic vein. It
reproduces in the liver and the virus particles enter the bile and are released
into the small intestine. The illness runs a benign course and is self-limiting
(Prescott et al., 2005). Hepatitis E is the only member of the genus Hepevirus
in the family Hepeviridae. It is assumed that the virus replicates in the
intestines, as virus-like particles have been found, by lEM, in the faeces of
infected patients 34 days after exposure (Emerson et al., 2007).

1.2.7: Gastroenteritis viruses studied in this project
Some of the above gastroenteritis viruses have been studied in this
thesis, concentrating on human enteric adenovirus (section 1.4) and bovine
coronavirus (section 1.5). The methods of detection of gastroenteritis viruses
will be initially discussed.

1.3: Detection of Gastroenteritis viruses
There are a number of techniques available for the detection of viruses
in a clinical setting. Table 1.4 summarises the methods used to detect GE
viruses. Antigen detection strategies are the most frequently utilised. Rapid
results can be obtained using systems such as latex agglutination and these
techniques are the basis for many commercially produced kits. The CombiStrip Rotavirus test is used to directly test a diluted faecal sample. The
production of recombinant antigens enables a wide range of viruses to be
detected by these means. ELISA based tests are also used to detect GE
viruses. Compared with direct methods, ELISAs are slower, more expensive,
require expensive equipment, and are time consuming. The advantage of
ELISA tests is that they are useful for screening multiple samples in a single
test run.
Cell culture systems are not always an ideal method for viral detection.
The large variety of host cell tropism displayed by viruses brings about large
differences in the efficiency of cell culture for the diagnosis of different viral
species. In many cases, viruses do not replicate or produce detectable
cytopathic effects in commonly available cell lines. If the virus is found to be
cytopathic, then a plaque assay can be used to determine the number of
20

infectious particles in a suspension and by extrapolation in the original
sample. This type of assay is only useful where a suitable cell line exists.
Viruses are easier to detect and assay by techniques based on
molecular biology, due to the presence of nucleic acids in all virions. By the
use of viral nucleic acid amplification techniques such as the polymerase
chain reaction (PCR), viral nucleic acid can be detected from a broader range
of viruses then is possible by cell culture techniques (Yolken et al., 1999).
NA identification techniques require specialized equipment and can be
subject to inaccurate data, due to false-positive or false-negative results. The
high sensitivity of the polymerases used in PCR makes the technique prone to
contamination issues. Although this is out weighed by the rapidity and
potential accuracy (depending on primer design) of identification. In terms of
convenience, in a diagnostic situation, many immunological techniques
surpass NA techniques for routine diagnosis. Using tests such as Combisticks, or ELISA based tests give rapid results and in the case of ELISA
methods, are easily automated.
Detection of viral antibodies can be used to diagnose diarrhoea of viral
aetiology, but this technique presents several problems, notably the high
prevalence of GE viruses among children. When a child presents with
diarrhoea, it is possible that he/she will already have antibodies for a GE virus
unrelated to the diarrhoea, due to a previous illness caused by a GE virus,
e g. serological studies have revealed that by age 4, astrovirus antibodies are
present in 70% of British children (Blacklow and Greenberg, 1991).
The Irish National Virus Reference Laboratory does not investigate cases of
sporadic diarrhoea in adults.
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Benefits of detection include
•

Determination of Antigenic Drift / Shift - this is important for RNA
viruses, especially rotaviruses and coronaviruses.

•

Control of Outbreaks - it is important to track outbreaks, especially with
regards to implementation of control policies.

•

Measurement of incidence of viruses in populations.

•

Identification of the emergence of new virus strains, e.g. the Norovirus
outbreak in 2002. This outbreak was associated with a new variant of
norovirus genogroup 114 (Lopman et al., 2004).

The various methods available for the detection of GE viruses are
summarized in Table 1.4. A rapid test result is important in the case of
infectious viruses such as rotavirus, to prevent the infection from being
spread.
Table 1.4. Detection methods for GE viruses.
Virus

Molecular Biology

Immunological

Cell Culture

Microscopy

Adenovirus

PCR, PCR with RE
digest. Multiplex

Combi Strip,
IDEIA™ (Oxoid)

HRT-18

Characteristic morphology.
Direct EM

Astrovirus

RT-PCR

IDEIATM (Oxoid)

CaCO-2

Direct EM, negatively stained
specimens.

BCV

RT-PCR

RVL EEISA

HRT-18

lEM

Norovirus

RT-PCR

IDEIA™ (Oxoid)

N/A

lEM

Rotavirus

RT-PCR. PAGE
segments

Combi Strip,
IDEIATM (Oxoid)

MA-104, HT29, CaCO-2

Characteristic morphology.
Direct EM
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1.3.1: Methods used in this project
The present investigation utilized molecular biology, immunological and
cell culture methods of virus detection. The initial screening was carried out
using immunological techniques at the diagnostic laboratories, where the
samples were sourced. Human adenovirus and rotavirus were detected by an
immunochromatographic technique (Coris BioConcept, Serosep Ltd,
Limerick). Bovine coronavirus and rotavirus (DakoCytomation, Dako
Diagnostics Ireland Ltd, 12 Camden Row, Dublin 8) were detected by an
ELISA. All viruses were studied in vitro using a panel of selected cell lines.
Adenovirus samples were analysed and typed using 2 different PCR
procedures with primers directed to different regions in the adenovirus
genome fibre and hexon (Xu et al., 2000; Allard et al., 2001). The hexon PCR
is combined with a second nested PCR and a restriction endonuclease digest
to type all known adenovirus species and serotypes (Allard et al., 2001).

1.4: Human enteric adenovirus
1.4.1: Introduction
The first adenovirus isolated was the etiologic agent of acute
respiratory infections in humans (Berk, 2007). In 1953, Rowe and co-workers
were attempting to establish a cell culture line from adenoidal tissue. They
determined that degeneration of the epithelial-like cells was due to an
infectious agent (Wold and Horwitz, 2007), which was subsequently called
adenoviruses. The adenoviruses are divided into 6 groups, identified by the
letters A to F. Subspecies F contains the enteric adenoviruses, which cause
GE in humans (Berk, 2007).
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Adenoviruses are now known to infect a wide range of cells and organs
in humans. Diseases caused include epidemic keratoconjunctivitis, acute
haemorrhagic cystitis, and gastroenteritis (Wold and Horwitz, 2007).
Adneoviruses are know to cause community outbreaks of respiratory disease
in military recruits (MMWR, CDC, 2007).
Human adenoviruses are divided into 6 species, named A - F.
Adenoviruses from more than one species have been detected in cases of
diarrhea, although a link to GE has not always been proven. The
adenoviruses known to cause GE comprise species F (Berk, 2007). The
species F Ads were initially discovered by EM, unlike the other groups, which
were discovered by isolation in culture systems. In 1975, Flewett ans co
workers reported an outbreak of infectious, non-bacterial diarrhea in children.
Analysis of the samples identified large amounts of adenovirus particles which
could not be propagated in cell culture (Timessen and Kidd, 1995). The
enteric adenoviruses exhibit a narrow and specific tropism for the
gastrointestinal tract, this characteristic is unique among the adenoviruses
(Favier et al., 2004). There are two serotypes within the species F,
designated Ad40 and Ad41. In some cases, GE may also be caused by Ad31
(Wadell et al., 1999, Favier et al., 2004). Other, less common serotypes
associated with GE are Ad2, Ad3, and Ad08 (Wadell, 1987). Species C Ads
are sporadically detected in faeces following respiratory tract infection (Berk,
2007).
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1.4.2: Classification
The are 51 human serotypes of Mastadenovirus H, these are divided
into six species (A - F) based on their ability to agglutinate red blood cells.
Species A to E have oncogenic potential in cultured rodent cells. The 51
serotypes have been distinguished on the basis of their resistance to
neutralization by antisera to other known adenovirus serotypes.
Species F are classified in haemagglutination group III, causing partial
agglutination of rat erythrocytes (Berk, 2007).
The species F adenoviruses are known as the enteric adenoviruses
and are a common cause of paediatric gastroenteritis. Infection is most
common in infants younger than 2 years of age.
Within the enteric adenovirus genomes, sequence homology is 62 69%, compared to 15-22% between Ad40/Ad41 and Ad5 (Tiemessen and
Kidd, 1995). The 2 enteric adenovirus serotypes have been further
subdivided into strains using RE analysis. Ad40 has been shown to have 11
DNA variants, identified as D1 - Dll. Ad41 has 28, D1 - D28 (Tiemessen
and Kidd, 1995).

1.4.2.1: Enteric Adenovirus serotypes
Enteric adenoviruses (species F) consist of seortypes Ad 40 and Ad
41.
Ad 41 may undergo antigenic drift, raising the possibility of repeated
community outbreaks (Grimwood et al., 1995).

In the 1980’s, a Dutch study

observed that Ad41 infections outnumbered Ad40 in European countries by
several fold (Tiemessen and Kidd, 1995).
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In a study of stool samples, carried out between 1998 and 2001, from
children with GE in Japan, Vietnam and Korea (n=3,577), ELISA analysis
identified 4.4% of the samples as adenovirus positive (158/3,577). The
adenoviruses detected were then typed by PCR-RFLP, over half of the
samples contained Ad41 (101/158, 63.9%) but Ad40 (12/158, 7.6%), Ad2
(10/158, 6.3%), Ad3 (10/158, 6.3%), Ad5 (8/158, 5%), Ad8 (12/158, 7.6%),
and Ad31 (1/158, 0.6%) were also identified, and 4 samples could not be
serotyped (Lei et al., 2004).

1.4.3: Virus structure
Adenoviruses possess an icosahedral capsid measuring 80 - 110 nm in
diameter (Figure 1.8). The adenovirus virion consists of 11 structural proteins,
which comprise 87% of the mass of the virion, the remaining 13% is DNA,
Virions are not enveloped (Berk, 2007).
The Ad genome consists of a single, linear double stranded
unsegmented DNA, of molecular weight 20 - 25 x 10®. The capsid of the
virion consists of 252 sub-units. This comprises of 240 hexons and 12
pentons (Table 1.5, Berk, 2007).
The major antigenic determinants which are involved in antibody
mediated neutralization are the hexons. The hexon polypeptide is designated
structural protein II. Many detection strategies are directed towards this
protein.
Their unique morphology makes adenoviruses suitable for identification
by EM. The disadvantage of EM is that non-F viruses can also be present in
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faeces. These early results called into question the correlation between
adenovirus replication in the intestines and GE.
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Figure 1.8 Adenovirus morphology (University of Leieester).

Table 1.5. Adenovirus proteins. Adapted from (Berk, 2007).
Name:

Location:

Known Functions:

Amint
Acids

II

Hexon monomer

Structural

967

III

Penton base

Penetration

571

Ilia

Associated with penton base

Penetration

566

IV

Fibre

Receptor binding; haemagglutination

582

V

Core: associated with DNA & penton base

Histone-like; packaging?

368

VI

Hexon minor polypeptide

Stabilization/assembly of particle?

217

VII

Core

Histone-like

174

VIII

Hexon minor polypeptide

Stabilization/assembly of particle?

134

IX

Hexon minor polypeptide

Stabilization/assembly of particle?

139

mu*

Core

Unknown

19

TP

Genome - Terminal Protein

Genome replication

671
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The clinically important proteins of adenoviruses are the three coat
proteins: hexon, penton, and fibre. The adeonoviral structural proteins were
identified by electrophoresis and numbered accordingly, Table 1.5. There is
no protein I as this was later discovered to be a mixture of more than one
protein (Berk, 2007). Most human adenoviruses code for a single fibre
protein. Enteric adenoviruses encode for two fibre proteins of different
lengths. The two fibres are present in approximately equal numbers, the long
fibre binds to the coxsackievirus and adenovirus receptor (CAR) and the short
fibre does not, it’s function is unknown (Seiradake and Cusack, 2005). The
fibre protein is the site of initial viral attachment, fibres interact with cellular
receptors (Favier, et al., 2002). The primary cell receptor for the long fibre of
Ad41 is the CAR. The fibres of Ad41 have unique physicochemical properties
which enable the virion to survive in much more acidic regions than the
respiratory serotypes. This adaptation allows the virus to pass through the
acidic environment of the stomach before infection cells of the intestine
(Favier, et al., 2004).

1.4.4: Physicochemical properties
For a summary of the physicochemical properties of adenovirus see
Table 1.2. Adenoviruses are non-enveloped, icosahedral nucleocapsid,
double-stranded DNA viruses (Berk, 2007).
The thermal inactivation point (TIP) is 56°C. Under in vitro conditions,
virions are stable when stored at -20°C. Adenoviruses are stable in an acid
environment of pFI 5-6, and not sensitive to treatment with lipid solvents
(Buchen-Osmond, 2003).
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1.4.5: Virus infection and replication
In the case of the respiratory adenoviruses, the process of cell entry
begins after binding to CAR, (1.4.3) when the penton base binds to intergrins
via a RGD motif on the penton. Cell entry can then occur when the fibres
detach after the penton base attaches, leading to the endocytosis of the core
of the viron (Berk, 2007). Ad41/Ad40 do not possess the RDG motif in the
penton base known to interact with the intergins (Favier, et al., 2004). This
may explain the difficulty in propagation of this virus in conventional cell lines,
as other factors may be required for infection to occur (Albinsson and Kidd,
1999).
The Ad genome replicates in the nucleus. Replication is initiated at the
inverted terminal repeats (ITRs) at both ends of the genome, the ITRs of Ad41
is 163nt long (Tiemessen and Kidd, 1995). These function as origins of DNA
replication and allow single strands of the genome to circularize and therefore
form an origin of replication for the complementary strand (Berk, 2007).
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Figure 1.9 Transcription of the adenovirus genome. Arrows indicate the

direction of transcription (MLP - major late protein). The early genes (El A,
ElB, etc.) are in green and the late genes are in blue (LI, L2, L3 etc), VA virus associated RNA. The eorresponding gene produets are identified in red.
fables 1.5 and 1.6 outline the size, function and location of these proteins.

The adenovirus early gene products (E1A, E1B) play an important part
in the replication cycle. Before viral DNA replication begins, these gene
products alter the cellular environment to one which is favorable to Ad
replication. The gene products of E1A and E4 are involved in this process. As
well as changing the cellular environment, early gene products protect the
infected cell from host antiviral processes (Berk, 2007).
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Table 1.6. Adenovirus transcription units timing and polymerase

involved.
Time
Early Transcription

Proteins

Enzyme

ElA, ElB, E2, E3, E4.

pol.II

Delayed Early

IX, IVA2

pol.Il

Late

Major late LI - L5

pol.II

Late

VA

pol.III

1.4.6: In vitro characteristics
The enteric adenoviruses were initially identified as the fastidious or
non-cultivable adenoviruses. These adenoviruses could not be readily
propagated in cell lines used to grow other serotypes of adenovirus, i.e.
human embryo kidney cells (Wadell et al., 1987). Ad40 has however, been
grown in the Human rectum adenocarcinoma cell line, HRT-18 (Gomes et al.
1992; Tiemessen and Kidd, 1995).
Ad40 and Ad41 have been propagated in HT-29 cells (Tiemessen and
Kidd, 1995), also propagated in cell lines transformed by adenovirus Ad5 DMA
(Brown et al., 1992). The ability of enteric adenoviruses to replicate in cell
culture is limited by the lack of the RGD motif in the penton base. It appears
that this can limit cell uptake of the virus (Brown et al., 1992).
The typical cytopathic effect caused by enteric adenovirus in cell
culture is cell clustering, the cells then detach from the monolayer, after or at
the same time as clustering (Favier et al., 2002).

1.4.7: Clinical Features
Adenovirus Ad40/41 induced GE can be distinguished by the
occurrence of prolonged diarrhoea with low-grade fever, with or without
vomiting, which lasts for more than 2 weeks (Petrie, 1999).
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other adenovirus serotypes have been detected in faeces, as a result
of asymptomatic, persistent respiratory tract infections. Virus can be shed
continuously in faeces for months after infection and intermittently for years
after (Elnifro et al., 2000). This can occur as a result of infection by subgenus
C adenoviruses, associated with respiratory infections in early childhood (Kidd
etal., 1996).
Many of the 47 human serotypes can be shed in stools without being
associated with diarrhoea (Grimwood et al., 1995).
Infections occur throughout the year, with an increased incidence
during the winter (Petrie, 1999).

1.4.8: Pathogenesis
Many adenoviruses can replicate in the intestines and are shed in
faeces. Adenovirus-related gastroenteritis is clinically similar to rotavirus GE,
although it is less prevalent (Wold and Horwitz, 2007). Infection of
enterocytes by enteric adenoviruses produces lesions leading to villius
atrophy. This results in hyperplasia of the crypts, as a compensatory reaction
to the cellular damage. These changes lead to malabsorption and fluid loss
(Wilhelmi et al., 2003).

1.4.9: Immune Response
Specific antibodies develop in most cases and can provide protection
from reinfection by the same serotype (Wilhelmi et al., 2003).
The antigenic determinants are found on capsids, hexons, and fibres.
Although different antigenic determinants have different specificities, the
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antigenic determinants are, in general, type-specific, or genus-specific.
Antigenic determinants which possess type-specific reactivity are found on the
virion surfaces.
The hexons are responsible for antibody mediated-neutralization and
the fibres for hemagglutination inhibition. Both of these are type-specific
antigenic determinants. Antigenic determinants which possess serogroupspecific reactivity are found on the hexon proteins. This has been exploited
for identification of adenoviruses in clinical samples (Lennon et al., 2007).
The antigenic specificity of the virion can be determined by using these
properties of the hexons and fibres.

1.4.9.1: Apoptosis
Adenovirus early gene products interact with the host cell to induce
cell-cycle progression and to block apoptotic pathways. E1A proteins inhibit
the cellular response to a and p interferons, and E3-coded products protect
infected cells from lysis by cytotoxic T lymphocytes and TNF. E1B can block
the onset of apoptosis (Rao et al., 1992). Adenovirus mutants which have lost
E1B functionality rapidly kill cells by cytolysis, with degradation of viral and
host DNA. E1B has been shown to be homologous to Bcl-2 proteins (O’Brien,
1998).
Adenoviruses can evade host defenses and persist in the host for
years after infection (Berk, 2007).
The E3 gene product protects Ad infected cells from apoptosis inducing
cytokines and from killing by CTLs (Alberts et al., 1994).
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1.4.10: Detection
Adenoviruses can be detected by electron microscopy, in infected cells
a crystal-like structure is visible in the nucleus, these inclusion bodies are
arrays of mature virions (Wadell et al., 1999). This method is however, not
convenient for the rapid identification of the aetiology of gastroenteritis.
Enteric adenoviruses are commonly directly detected in faecal samples, using
an immunological technique such as the Combi-Strip. Tests such as this give
rapid results. More specific typing of isolates can be carried out using PCR
techniques.
Typically, infection with enteric Ad can result in the production of 10^^
virus particles per gram of faeces (Wadell et al., 1987). Therefore detection
strategies directed towards the virus particles are effective for use on stool
samples
It had been difficult to prove that adenoviruses cause GE because of
the prolonged period of asymptomatic fecal shedding following adenoviruses
respiratory tract infection of non-enteric adenoviruses species. The
development of specific tests for Ad40 and Ad41 confirmed the link between
adenovirus and gastroenteritis (Blacklow and Greenberg, 1991).
The present investigation studied samples previously identified by
Combi-Strip test as being adenovirus positive. These were then subjected the
samples to analysis by cell culture propagation and PCR.
A typing procedure combining PCR with a restriction endonuclease
digest was also carried out. The PCR primers were directed to a conserved
region of the hexon gene upstream of loop 1. Using this technique it is

34

possible to discriminate to the level of individual genotypes (Allard et ai,
2001).
Table 1.7. Report of detection Strategies for Enteric Adenoviruses.
Technique

Nucleic acid:

PCR

Details

Reference

Primers targeted to the shaft region of the fibre protein the

Xu et al., 2000.

resulting amplicons differentiate between Ad40 and Ad41.
PCR with RE analysis

PCR with RE analysis

A nested primer pair directed to a conserved region in the

Allard et al., 2001,

hexon gene, followed by RE digest giving subgenus

Lennon et al.,

identification.

2007.

Primers target VA RNA encoding regions. Non-nested PCR,

Kidd etal., 1996.

after RE digest facilities subgenus identification.
PCR with RE analysis

Target conserved region of Hexon gene. After RE digest

Elnifro, 2000.

subgenus identification is possible. Also differentiate between
Ad40 and Ad41.
DNA Sequencing

B1 region of Hexon loop 2 contains 7 hypervariable regions,

Lai et al., 2007.

3 of these regions (Al, A3, and Bl) have been identified as
being serotype —specific.
Adenolex, slide agglutination test.

Immunological:

Orion Diagnostics,
Espoo, Finland.

Latex Agglutination
Combi-Strip. Monoclonal antibody directed against Hexon.

Coris Bioconcept,

Detects all subgroups.

Serosep, Limerick.

Adenovirus ElA: IDEIA '

Genus specific monoclonal antibody to detect an epitope of

DakoCytomation,

Adenovirus ELISA

the adenovirus hexon antigen present in all human serotype.

12 Camden Row

Im mu nochromatographic

Dublin 8.
EM:

Direct EM

Cell Culture:

Distinctive morphology of adenovirus.

Barnes et al., 1998.

293, HRT-18, HT-29. Cell lines known to support viral

Tiemessen and

replication.

Kidd, 1995.

1.4.11: Distribution
Adenovirus infections occur worldwide in humans. Clinical studies of
enteric adenoviruses have been carried out in many countries, including
temperate and tropical regions. Infections occur throughout the year, with
little seasonal variation (Allard et al., 1990). Table 1.8 summaries the many
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international studies carried out. Studies in Brazil have not shown any
specific pattern of seasonal infection (Soares et al., 2002).
Seroepidemiological surveys have detected significant titres of
adenovirus antibodies in sera pooled in the Netherlands and Germany
(Wadell et al., 1987). Sera collected from children in England, New Zealand,
Hong Kong, and Gambia were positive for enteric Ads in more than one third
of the samples analyzed (Blacklow and Greenberg, 1991). A study of sera
from children in Iran detected antibodies for enteric adenovirus in 52%
(65/127) of samples anaylsed from healthy children under 7 years old (Saderi
et al., 2000).

1.4.12: Conclusion
This investigation analysed faeceal samples know to contain human
enteric adenovirus from cases of paediatric gastroenteritis submitted to the
microbiology laboratory at Cork University Hospital. The virus was isolated
from the samples and studied by a number of techniques, including cell
culture infections, ELISA and PCR.

Both serotypes of enteric adenovirus are

known to be associated with childhood diarrhea. The serotype of the viruses
present in the clinical samples was identified by a combination of PCR and
restriction endonuclease (RE) digest. The first PCR investigated used primers
directed against the fibre region of the adenovirus genome (Xu et al., 2000).
The second PCR used primers directed against the hexon gene, which codes
for another surface structural protein (Lennon et al. 2007). When this PCR
was combined with a scheme of RE digests of the PCR product, identification
of individual serotypes of adenovirus was possible (Allard et al., 2001).
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Table 1.8. Clinical studies of adenovirus incidence
Study

Region

Method(s) Used

Samples

? Data
o'
3

Lennon et al., 2007

Southern Ireland

PCR

692 faeces (GE cases)

5

95 Ad pos (13.72%)

O'Neill et al., 2002

Belfast

EM, PCR

1945 clinical
specimens

Subekti et al., 2002

Jakarta, Indonesia

ElA

273 faeces from 303
cases '

Saderi et al., 2002

Iran

EIA

872 faeces (GE cases)

29 Ad40, 30 Ad41
(5.7%), 17NEAd-

L.ee and Kim, 2002

South Korea

PCR & sequencing

23 tap water (11 urban 1
sites)

9 Ad pos (39%)

Soares et al., 2002

Brazil

EIA & cell culture
isolation

1,420 faeces (acute
diarrhoea)

69 pos by EIA (4.8%);
41/57 C.P.E. pos on Hep-

97 AdF pos (4.9%)

2

Ad pos (4%)

9

Chapron et al., 2000

US (New
Hampshire)

PCR

29 surface water

1

14 of 29 Ad pos (11
infectious)

Moore et al., 2000

Jo'burg, South
Africa

EIA / ELISA

387 faeces (87 GE
cases)

1

85 Ad40/41 pos (9.2%)

Bon et al., 1999

Dijon, France

EIA

414 faeces (GE
symptoms)

3

3.1 % Ad pos

Bryden et al., 1997

UK

EM, EIA, & cell
culture isolation

452 faeces (pos by
EM)

Grimwood et al.,
1995

Melbourne,
Australia.

EM & EIA

4,473 faeces (acute
GE)

12

154 Ad pos (hexon) 138
Ad40/41 pos(6.5%)

Gorhmann et al.,
1993

US (HIV patients)

EM, PAGE, & EIA

109 faeces (diarrhoea)

1

10 Ad pos (9%)

99 Ad40
Ad41

/

209

1: Faeces was collected from 2788 GE patients. Of those 1200 were negative
for bacteria of parasites. 402 of those were randomly selected for study. After
rotavirus testing 303 samples had sufficient quantities left for adenovirus
testing. 2: Nonenteric adenovirus.
37

1.5: Bovine Coronavirus
1.5.1: Introduction
The coronavirus genus was first defined in the 1960's (Lai et ai, 2007).
Bovine enteric coronavirus (BCV) was first reported by Mebus and co-workers
in 1971, by electronmicroscopy of faecal samples (Clarke, 1993). A
coronavirus was initially isolated from neonatal calf diarrhoea in Nebraska
during trials of a calf rotavirus vaccine, when it was observed that vaccinated
calves still succumbed to diarrhoea. Virus-like particles were detected in the
faeces by EM, and were subsequently identified as a coronavirus (Mebus et
al., 1973).
Bovine coronavirus has been implicated in winter dysentery of adult
cattle (Clarke, 1993), and chronic diarrhoea in adult cattle (Gelinas et al.,
2001). Winter dysentery is an acute diarrhoeal disease of adult dairy and beef
cattle (Benfield and Saif, 1990). It occurs during the winter months, when
cattle are housed in close confinement. Within an infected herd, the disease
spreads rapidly (Clarke, 1993). BCV also demonstrates tissue tropism for the
upper respiratory tract (Tsunemitsu et al., 1995).
A closely related coronavirus has been detected in llamas and alpacas
with diarrhea, this has a 99.6% homology to 2 BCV strains when compared by
phylogenetic analysis (Jin et al., 2007).

1.5.2: Classification
BCV is a member of the order Nidovirales, family Coronaviridae, genus
Coronavirus, it is an enveloped, single stranded, positive sense RNA virus
which causes disease in humans and animals. The toroviruses have also
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been classified as a genus within Coronaviridae (Lai et al., 2007).
Coronaviruses are classified based on their distinct morphology (Figure 1.10).
Coronaviruses are divided into 3 antigenic groups, (Table 1.9).
BCV belongs to antigenic group II of the coronaviruses (Lai et al., 2007).
The three groups are the avian (III) and non-avian (I) coronaviruses
and the haemagglutinating mammalian coronaviruses (II) (Dea et al., 1990).

Table 1.9. Antigenic groups of the coronaviruses (Lai et al., 2007; Chan

et al., 2004).
I
Canine coronavirus

II
Bovine coronavirus

III
Infectious bronchitis virus

Feline coronavirus

Human coronavirus OC43

Turkey coronavirus

Feline infectious peritonitis virus

Murine hepatitis virus

Pheasant coronavirus

Human coronavirus 229E

Porcine hemagglutinating
encephalomyelitis virus

Porcine epidemic diarrhea virus

Rat coronavirus

Porcine transmissible

SARS coronavirus

gastroenteritis virus

The coronavirus associated with severe acute respiratory syndrome
(SARS-CoV) has been identified as a novel coronavirus (Marra et al., 2003).
Although morphological analysis has determined that it is a coronavirus, it is
not closely related to any of the three antigenic groups (Rota et al., 2003).
Marra and co workers have sequenced a Toronto isolate of SARS-CoV and
have proposed that this virus defines a fourth class of coronavirus (Marra et
al., 2003). Further research has identified SARS-CoV as a distant member of
group II (Table 1.9, Lai et al., 2007).
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1.5.2.1: BCV Strains
It has been determined that BCV consists of a single serotype (Clarke,
1993). Some antigenic variation has been observed within this serotype
(Tsunemitsu et al., 1995).
Isolates of BCV can be differentiated by;
■

Susceptibility to hygromycin B. This selective agent is used in an in
vitro context, when added to cell culture media it can select for different
strains of BCV (Kapil et al., 1999).

■

The S gene which has been used as a target for molecular analysis of
BCV isolates (Liu et al., 2006).

■

The response of isolates to Hemagglutination-inhibition (HI) assay,
different strains can be differentiated by their HI titre. This is measured
as the reciprocal of the highest dilution that results in complete
agglutination (Majhdi et al., 1997).

■

The presence or absence of receptor destroying enzyme (RDE)
activities. This has been linked to the E3 protein of BCV (Vlasak et al.,
1988).

■

Different strains of BCV can cause either separate enteric or
respiratory infections, or both infections simultaneously (Hasoksuz et
al, 2002).

■

Isolates can cause GE disease in neonates and adult cattle i.e. Winter
dysentery (Tsunemitsu et al., 1995). Investigations carried out to
identify differences in the viruses causing adult and calf disease have
not been successful in characterizing the factors involved (Liu et al.,
2006).
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1.5.3: Virus structure
Bovine coronavirus particles are enveloped and pleomorphic, varying in
diameter from 80 to 160 nm with a mean diameter of 120nm (Clarke, 1993).
There are distinct surface projections on the envelope, which are club-shaped
(12-24 nm in length), spaced widely apart and dispersed evenly over the
entire surface.
Enveloped viruses are susceptible to dissociation by detergents such as bile
salts (Flint et al., 2000).
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Figure 1.10 Structure of a coronavirus.

Coronaviruses are susceptible to inactivation by bile salts in vitro, and
the factors that facilitate their survival in vivo remain unknown (Tyler and
Fields, 1996). They have the largest genomes of all the RNA viruses, their
genomes range in size from 27 to 32 kb, consisting of one molecule of linear,
positive sense, single-stranded RNA. The 5’ end of the genome is capped and
the 3’ end has a poly(A) tract (Cavanagh et al. ICTV Sixth Report; Lai et al.,
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2007). BCV has a helical nucleocapsid (Gelinas, et al., 2001). The RNA of
BCV is infectious in a eukaryotic background.

Table 1.10. BCV Structural proteins. (Clarke, 1993; Lai et al., 2007).
Protein

Name

Description

E

Envelope protein

Also known as the small membrane protein, this triggers virus particle
assembly. It associates with the viral envelope and may trigger apoptosis.

HE

M

Hemagglutinine-esterase

This forms short surface projections, and can have receptor binding,

protein

hemagglutination and receptor destroying activities.

Membrane glycoprotein

Integral membrane protein which spans the virus envelope three times with
only 10% protruding at the virion surface.

N

Nucleocapsid protein

Binds to the viral RNA and forms the nucleocapsid.

S

Spike glycoprotein

Responsible for attachment to cells, hemagglutination and membrane
fusion. It has a carboxy-terminal half with a coiled-coil structure.

The envelope of BCV contains 3 viral glycoproteins, membrane protein
(M), spike protein (S), and the haemagglutinin-esterase protein (HE). Not all
coronaviruses posess HE (Figure 1.8). In the presence of complement,
antibodies raised to the external domain of the M protein neutralize BCV (Lai
et al., 2007). The properties of these proteins are outlined in Table 1.10.

1.5.4: Physicochemical properties
The enveloped virion of BCV is sensitive to treatment with heat, lipid
solvents, non-ionic detergents, formaldehyde, and oxidizing agents. The virus
is inactivated by ether (Lai et al., 2007, Table 1.2.).
Studies with the related murine hepatitis virus identified an optimum pH
of 6.0 for virion stability. The virus is inactivated following heating to 56°C for
25 minutes. The addition of 1M of a salt, magnesium chloride or magnesium
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sulphate, protects the heated virus from thermal inactivation (Daniel and
Talbot, 2005).
1.5.5: Genome
Coronavirus RNA is capped and polyadenylated, can function as
mRNA and is infectious (Lai etai, 2007). The expressed region of the
coronavirus genome is bound on both the 5' and 3' end by 2 non-coding
regions. A 65 - 98 nt sequence, the leader sequence, is present at the 5' end
of the genome. This sequence is present on all subgenomic mRNAs. The
leader sequence is followed by a 200 - 400 nt untranslated region (UTR). At
the 3' end the UTR is followed by a poly(A) tract. The sequence of the UTRs
play an important part in RNA replication and translation. Gene 1 consists of
2 overlapping open reading frames (ORF) ORF1a and ORF1b This gene
codes for a polyprotein from which the proteins in the transcription replication complex, including the proteins to process the ORF1a polyprotein,
are derived. This gene also codes for a number of non-structural proteins
which carry out various aspects of viral replication. A ribosomal frameshifting
signal, located in between the overlapping ORFs, controls the replication of
ORF1b. A chymotrypsin-like protease is responsible for processing the
polyprotein.
The unique feature of coronaviruses is their method of RNA
transcription. The proteins of the transcription - replication complex
synthesize a negative-strand RNA, which then acts as the template for RNA
transcription. Multiple mRNAs, having a common 3’ end but being of different
lengths are generated. This nested structure is unique to coronaviruses (Lai
et al., 2007).
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The order of the structural proteins is 5'-ORF1-S-E-M-N-3' (Figure
1.8.) The genes coding these proteins are separated by a number of
nonstructural proteins and the HE glycoprotein gene in BCV. The HE ORF is
located between ORF1 and the spike protein gene. The functions of the
nonstructural proteins are not known, and they are not essential for viral
replication (Lai et al., 2007). The HE ORF and the other NSPs vary among the
coronavirueses but are conserved within each group. The SARS CoV
contains many NSPs (Lai et al., 2007). Virions mature by budding at
intracellular membranes, and infections may induce cell fusion (Lai et al.,
2007).
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Figure 1.11 Genome organization of coronavirus.

1.5.6: In vitro characteristics
BCV was initially isolated in tracheal and gut organ culture systems.
HRT-18 cells have been used to isolate coronaviruses from various species
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including horses, deer, and elk. HRT-18 is the established cell line for in vitro
BCV isolation (Kapil, et ai, 1999; Clarke, 1993). BCV infection of HRT-18
does not induce 100% c.p.e. (Benfield and Saif, 1990). The infectivity of
enteric viruses such as rotavirus and BCV can be enhanced by the addition of
proteolytic enzymes to the cell culture media. Some studies have used
pancreatin or chymotrypisn in place of trypsin, (Benfield and Saif, 1990).
Infection by BCV can induce cell fusion. Coronaviruses also form persistent
infections in vitro (Lai et al., 2007).
An investigation of Canadian cases of BCV isolates from cases of
neonatal calf diarrhea, winter dysentery and respiratory bovine coronavirus
included the propagation of the isolates on HRT-18 clone G. The isolates
were described as highly fusogenic, inducing syncytia formation leading to
cytolysis. All of the isolates induced complete destruction of the monolayers
within 96-120h p i. Sequencing of the HE gene of a reference Mebus strain of
BCV before and after infection of HRT-18 cells did not identify any changes
(Gelinas et al., 2001).

1.5.7: Clinical Features
The clinical signs associated with BCV GE are indistinguishable from
those associated with bovine rotavirus infection.
Diarrhoea of neonatal calves is a major cause of economic loss as a
result of mortality, requirement for treatment, and indirectly, as a result of poor
growth and weight gain.
Scours caused by coronavirus occur in calves in the age range of 1 day
to about 3 months (Clarke, 1993). When the infection initially starts in a herd.
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calves up to 6 weeks of age may scour. Loss of body fluids through diarrhoea
can produce extremely rapid dehydration.
The route of infection for calves can be oral or respiratory.

BCV

particles have been detected in the nasal secretion of calves with enteric
infections. BCV can be transmitted by an aerosol-nasal route. Persistently
infected animals can shed BCV from the upper respiratory tract (Clarke,
1993). BCV has been associated with a form of pneumonia, bovine shipping
fever syndrome (Gelinas et al., 2001). A 1987 survey of Irish suckler and dairy
herds revealed that diarrhoea was associated with 33.79% of the postnatal
deaths (i.e. calves born alive, which died before 28 days, Fagan et al., 1995).

1.5.8: Pathogenesis
BCV enteric infection begins in the proximal small intestine and
spreads throughout the small and large intestines (Clarke, 1993). Antibody
detection has identified coronavirus antigens in epithelial cells of the colon of
a juvenile dromedary camel with diarrhea. Crypt epithelial cells were
identified as the primary cells infected using BCV specific
immunohistochemistry and no BCV antigens were detected in lung tissue
(Wunschmann, et al., 2002).
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Figure 1.12. Histology of jejunal mucosa in control and BCV-infected surgical
prepared intestinal loops from 1-day-old colostrum deprived calves. Tissues
were collected 18 h post-infection, fixed and stained with H&E (a) Control
loop and (b) BCV infected loop were collected from the same animal. Bar- 100
pm (From Aich et ai, 2007).
Infection by BCV leads to an increase in expression of the genes
involved in cell proliferation. BCV infection induces fluid secretion and causes
a characteristic blunting of the intestinal villi, (Figure 1.12, Aich, et al., 2007).
The epithelial cells of the colon are also sensitive to BCV infection; this
leads to the loss of surface cells and cystic dilation and accumulation of cell
debris in the crypts (Jones and Hunt, 1983).

1.5.9: Immune Response
Coronavirus antigenic determinants can be found on envelopes and
spikes and correspond to each of the major viral structural proteins; spike (S),
heamagglutinine-esterase (HE), membrane (M), and nucleocapsid (N).
Antigenic specificity of the virion can be determined by neutralization tests (S
and HE), or complement fixation tests (M). Protective immunity is induced in
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the form of complement-independent neutralizing antibodies (BuchenOsmond, 2006).
Most coronavirus infections in animals are acute and self-limited. BCV
first replicates in the epithelial cells of the respiratory tract and from there
induces an enteric infection. Once the virus moves to the intestines it can
induces a persistent, inapparent infection, which can maintain the virus in the
bovine population.
The effectiveness of a vaccine for BCV has to overcome the observed
behavior of natural BCV infection, which does not prevent reinfection or
disease. Both the genetic variability and the frequency of recombination
impact on vaccine design. The high rate of recombination means that a
vaccine has to protect against an increasing variety of strains and to begin
with a vaccine has to cover ail the possible genetic variants (Lai et al., 2007).

1.5.9.1 Apoptosis
The E protein of the coronavirus murine hepatitis virus is known to
induce apoptosis (Lai et al., 2007). Porcine transmissible gastroenteritis virus
(TGEV) has been investigated for its apoptotic effects in vitro. Using TGEV as
a model to study the involvement of apoptosis in coronavirus pathology,
Eleouet and co-workers demonstrated that the cytopathic effects seen were
as a result of apoptosis (Eleouet et al., 1998).

1.5.10: Detection
Direct detection of virus particles in faeces is the most established
method.

This method is not practical for the routine screening of clinical
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samples.

BCV can be rapidly and easily detected in clinical samples using

immunological methods such as ELISA. There are many commercial ELISA
kits available for the detection of BCV. The kit used by the Cork RVL is a
combined kit, which also detects the presence of bovine rotavirus and E. coli
K99.

BCV particles can be detected by direct and indirect EM. Primers

directed against the RNA S genome can be amplified by RT-PCR.

More

specific identification can be carried out by comparing the sequence of
specific regions in the genome (Liu et al., 2006).

1.5.11: Distribution
BCV antibodies have been detected in the majority of adult cattle
(Clarke, 1993). Antigenic surveys have detected the human respiratory
coronaviruses wherever the tests have been carried out (Lai et al., 2007).
Coronaviruses have been detected in many other bovine species;
including sitatunga and waterbuck. Diarrhea in a number of deer species has
also been associated with coronaviruses (Majhdi et al., 1997).
An investigation of the causative agent of winter dysentery in Korea
identified BCV in 97 samples, from 32 winter dysentery affected herds,
between 2002 and 2004 (Jeong et al., 2005). BCV has also been detected in
cattle herds in Brazil (Brandao et al., 2006).
The majority of coronaviruses identified have been isolated from
agricultural backgrounds, and little is known about the distribution of
coronaviruses among wild animals (Poon et al., 2005). It is important to
monitor the prevalence and strain variation of viruses in wild animals.
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especially if there is the possibility of transmission across the species barrier
to humans. There has been an increase in the detection of bovine-like
coronaviruses from wild captured ruminants (Wunschmann, et al., 2002;
Hasoksuz, etal., 2007).

1.5.12: Conclusion
This part of the study was carried out to investigate bovine coronavirus
in southern Ireland. The replication of BCV in cell culture was examined by
infection a range of cell lines with isolates from filtered clinical samples.
These samples were positive for bovine coronavirus and in some cases
rotavirus infection was also present.

1.6: Objectives
The object of this study was to investigate human enteric adenovirus
and bovine coronavirus in southern Ireland.
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Section II
Materials and Experimental Methods
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2: Materials and Experimental Methods
2.1: Materials

2.1.1; Cell Culture
2.1.1.1: Cell Lines
The cell lines used in this investigation were a gift from Maurice
O'Donoghue, Dept, of Microbiology, NUI, Cork.

2.1.1.2: Cell Culture Equipment
•

Microflow Laminar Flow Hood, biological safety cabinet. Class II.

•

Nikon TMS Inverted Microscope, Nikon F55 35mm film camera.

•

Jouan C421 Centrifuge.

•

Forma Scientific 37°C, 5% CO2, humidified Incubator.

•

Grant W22 Waterbath 37°C.

2.1.1.3: Cell Culture Materials
•

T25cm^ Sterile Tissue Culture Flasks (Sarstedt).

•

35mm Sterile Tissue Culture Dishes (Nagel NUNC).

•

50ml Falcon centrifuge tubes.

•

Sterile scraper.

2.1.1.4: Cell Culture Media (Appendix II)
•

HRT-18: RPMI-1640 (Gibco BRL, Scotland).

•

HT-29, SW-640, CaCO-2: DMEM (Gibco BRL, Scotland).

2.1.2: PCR
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2.1.2.1: Nucleic acid extraction reagents
•

sdH20 was prepared by autoclaving deionised water at 121°C for
15min,

•

Proteinase K (Sigma, Dublin, Ireland) Stock was 100mg lyophilized,
resuspended in 10 ml sdH20. Stored at -20°C.

•

10% (w/v) SDS was prepared by dissolving 1g of SDS powder (Sigma,
Dublin, Ireland) in 10ml of sdH20 at 65°C.

•

Phenol;Chloroform:lsoamylalocohol (25:24:1) saturated with lOmM Tris
(pH 8.0), ImM EDTA (Sigma, Dublin, Ireland).

•

Chloroform (Sigma, Dublin, Ireland).

•

100% ethanol stored at -20°C.

2.1.2.2: PCR equipment
•

GeneAmp PCR system PTC-200 thermal cycler, (MJ Research,
Waterton, MA, USA).

•

Gel Tanks (Bio-Rad, Alpha Technologies Ltd.,

Blessington, Co.

Wicklow, Ireland).
•

Power supply unit (E-C Apparatus Corp., USA).

•

PCR plasticware Micropipettes 1,000, 100, 10 pL. Disposable tips.

•

Camera, UV trans-illuminator. Capture (Gel Doc) software.

53

2.1.2.3: PCR reagents
•

Taq DNA polymerase (Promega, Madison, Wl, USA) Tag was
provided at a concentration of 5 Units/ml with 10X reaction buffer
(lOOmM Ths-HCI pH 9.0, 500mM KCI, 1% Trinton X-100) and 25mM
MgCb and stored at -20°C.

•

dNTP mix: dNTP (Promega, Madison, Wl, USA). The dNTP solutions
were provided at a concentration of lOOmM. A working solution of 1.25
mM of each dNTP was prepared by adding 2.5 pL of each dNTP to 190
pL of sdH20. The solution was aliqouted and stored at -20°C.

•

Oligonucleotide Primers: Synthesised and purified by HPLC by MWG
Biotech AG. Primers were designed using primer sequences reported
by Xu et al., 2000; Allard et al., 2001; Lennon et al. 2007. (20 /vl stock
in 80 jL/l sdH20)

•

Agarose, molecular grade (Sigma).

•

Ethidium Bromide (Sigma): A working solution of lOmg/ml was
prepared in sdH20 and stored, protected from light, at ambient
temperature.

•

Molecular Weight Markers:
Grade III (0.12-21.2 kbp): Roche Diagnostics GmbH, Germany.
Grade XIV (100-1500 bp): lOObp ladder Roche Diagnostics
GmbH, Germany, (Appendix I).

2.1.2.4: PCR Buffers
•

Tris-EDTA (TAE). A stock solution of 10X TAE was prepared consisting
of 108 g/l Tris Base mixed with 55 g/l glacial acetic acid and 9.3 g/l
EDTA in sdH20. pH was adjusted to 8.0.
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•

PCR Product loading buffer: Loading dye buffer was prepared by
mixing 6.6ml of glycerol, 3.3ml 10X TAB buffer, and 100pl 10%
bromophenol blue.

•

Electrophoresis running buffer. This was prepared by adding EtBr at a
concentration of lOOpg/L to IX TAE.

2.1.2.5; PCR Primers
Table 2.1 Primers for enteric adenovirus fibre PCR (Results 3.9).
Primer Polarity

Sequence (5' - 3 )

AdFl

A CTTAA TGCTGA CA CGGGCA C

Ad41 =586

AdF2

TAATGTTTGTGTTSCTCCGCTC

Ad40 = 541

Band / bp

Table 2.2 Primers for enteric adenovirus hexon PCR (Results 3.10).
Primer Polarity

Sequence (5' - 3 )

1 lex 1 deg

(iCX'SC AR ] (iGKC WTAC ATGC AC A1C

1 le\2deg -

CACiCACSCCMCGRATG rCAAA

1 lex3deg +

GCC’CGYGCMAC'IGAIAC'STAC T rC

Hex4deg -

CC'YACRGCCAGIG 1 RWAICGMRCYTI G l A

11X5-3

CAC'ATCGCC'GGACAGGATGCT fC'GCiAG f

+

Band / bp

301

171

A
.V

11X3-4

-

GTG r I'G fGACjCC'A fGGCiGAAGAAGG 1 GG

1.800

C'
S-29

+

GCCAGC'ACR fU'C Ff'fGAC'A r

S-52

-

CCCA1G r I GCCAG I’GC 1G 1 I G f AR l ACA

S-51

+

C'C'C'AAC'AGAC'C CAAY fAC

S-53

-

AAGGGGT'l G ACG I TG I CC A r

724

637
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2.1.3: Immunoassay Kits
•

IDEIA'^'^ Adenovirus ELISA kit (DakoCytomation Ltd ).

•

IDEIA"^^ Rotavirus ELISA kit (DakoCytomation Ltd.).

•

Combi-Strip Rotavirus and Adenovirus immunochromatographic test
(Coris BioConcept, Serosep Ltd, Limerick).

2.2: Experimental Methods
2.2.1: Sample Collection
Adenovirus positive faeces samples were collected from CUH (Cork
University Hospital. Wilton, Cork). The samples had been submitted to the
microbiology lab and had tested positive by an in vitro homogenous
immunochromatographic diagnostic test (Combi-Strip, Coris BioConcept,
Belgium), for enteric adenovirus and in some cases, also rotavirus. The
Combi-Strip detects all Adenovirus group viruses (Kit Insert) using a mouse
monoclonal antibody directed against the hexon protein of human adenovirus
(A - F). The quantity of sample was variable and in many cases the quantity
of sample remaining after CUH had completed tested was minimal. In these
cases the sample container (sterile universal) was washed with 2-3 ml of
sterile PBS. The samples were stored at 4°C at CUH and after collection
were transferred to -80°C at CIT.
Bovine enteric coronavirus samples were collected from the Cork RVL
(Regional Veterinary laboratory. Department of Agriculture, Model Farm Road,
Cork). Positive samples were tested by an ELISA based test. Bovine faecal
samples were originally submitted to the RVL by vets in the south Munster
region.
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In both cases samples were available once laboratory testing had been
completed.

2.2.2: Sample treatment prior to virus isolation
•

The frozen samples were removed from the -80°C freezer and
transferred to 0°C.

•

A 1 in 10 dilution of the initial faecal suspension was made in PBS.

•

This suspension was clarified by centrifugation at 3,200 X g for 20 min.
Volumes were 1- 2 ml in a 2 ml microcentrifuge tube.

•

The supernatant was then filtered sterilized through a 0.20/7m, syringe
driven, filter (Sartorius, Germany).

•

The filter was first moistened with PBS to minimize loss of virus by
adsorption to the filter.

•

Samples were maintained at 0°C throughout the procedure to maintain
viral viability.

2.2.3: Virus Isolation on HRT-18 cells

HRT-18 cells were seeded in T-25 cm^ tissue culture flask and grown
in RPMI-1640, 10% FBS, 1%GPS, until the cell monolayer had grown
to semi-confluence.
500/il of filtrate was added to each T-25 flask and flasks were gently
rocked every 15 minutes for 1 hour to allow the virus to attach to the
cells.
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•

Cell culture medium (RPMI for HRT-18 cells, DMEM for CaCO-2, HT29, SW-620 and MA-104 cells) containing trypsin at a concentration of
Sjug/ml was then added and flasks were returned to incubator.

•

The cells were examined at regular intervals post-infection to determine
if infection was successful and to observe any cytopathic effects (CPE).

•

An identical infection protocol was followed for each cell line
investigated.

2.2.3.1; Post-infection virus isolation
•

The infected cells in flasks were subject to 3 freeze-thaw cycles, the
flasks alternately placed in a -70°C freezer and 37°C incubator to
disrupt the cells.

•

A sterile scraper was used to remove the remaining cell monolayer.

•

Cells and media was then pooled and collected into a sterile centrifuge
tube and centrifuged at 1,000 X g for 10 min.

•

The supernatant was then filtered through a 0.2//m filter, aliquoted and
stored at -70°C.

•

These aliquots were labeled with F accession numbers (freeze-thaw).

2.2.3.2: DNA extraction post-infection
•

The cell culture media supernatant was collected into a sterile
centrifuge tube.

•

The culture medium was centrifuged at 1,000 X g for 10 min to remove
any cell debris.

58

•

The supernatant was then removed to a sterile tube and stored at 70°C until required for nucleic acid extraction (Section 2.2.4.1).

2.2.4: Molecular Analysis
2.2.4.1: Nucleic Acid Extraction
Total nucleic acids were extracted from suspensions by the standard
phenol-chloroform extraction method with ethanol precipitation as follows;
•

400 fj\ faeces suspension was adjusted to contain 10% SDS and 100
jL/g proteinase K/ml.

•

320 jL/l of sample, 40 ij\ 10% SDS, and 40 /vl proteinase K. were added
to a 1 5 ml eppendorf tube.

•

The suspension was incubated at 37°C for 1.5 h.

The suspension was extracted once with phenol-chloroform-isoamyl alcohol
25:24.1.
•

400 ij\ phenol-chloroform-isoamyl alcohol was added to tube,

•

the suspension was shaken vigorously for 30s and centrifuged at
12,000 rpm (Microfuge) for 10 min.

•

Nucleic acid product was present in the upper phase layer.

•

350ml of the upper aqueous layer was transferred to an empty
eppendorf tube, care was taken not to transfer any material present in
the lower layer.

•

The nucleic acid present in the solution was precipitated with twice the
volume of 100% ethanol at -20°C.
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•

The solution was then inverted once to mix and stored at -80°C for
24h.

•

The sample was returned to ambient temperature.

•

The precipitated nucleic acid was pelletted by centrifugation at
12,000rpm for 10 min.

•

The ethanol was decanted and the tubes placed inverted on absorbent
tissue to remove any residual ethanol.

•

The extracted nucleic acids were resuspended in 100 jvl of sdH20 and
stored at -80°C prior to use.

•

A small quantity of the samples was visualized by conventional
agarose gel electrophoresis.

2.2.4.2: Visualization of nucleic acid products
lO^I of all products were resolved by conventional electrophoresis for
1.5 hr at 120V on a 1% agarose gel, with IX TAE buffer containing EtBr. Then
visualized by EtBr staining under ultraviolet transillumination (2.2.4.6).

2.2.4.3: Adenovirus fibre PCR
This PCR was adapted from Xu et al., 2000.
PCR was preformed in SOji/l volumes containing 45fj\ of reagents at the
following concentrations:

10 mM

Tris-HCI [pH 8.3]

1.5 mM

MgCl2

50 mM

KCI
60

200/iM

eachdNTP

0.2 jL/M

each primer

(2.5/l/I each dNTP in 190 jLy/dsH20)
AdFI; cone. (1 ml) 100pmol/jL/l
AdF2: cone. (1 ml) 100 pmol / ij\

1 U

Taq DNA pol. per target species

5 /vl

DNA extract

The reaction master mixture consisted of the reagents in the following
volumes:
5 fj\ Taq buffer
3 jUl MgCl2
8 q\ dNTPs
1 ij\ forward primer
1 ij\ reverse primer
0.2 jL/l Taq
26.8 jul sdH20
The reaction was then carried out using:
45 jL/l Master mix
5/71 DNA extract
(80

jL/l

Mineral oil - The was added on top of the reaction mixture when

a PCR thermal cycler without a heated lid was used. This prevented
evaporation of reaction mixtures during the denaturation cycles, which was at
94°C.)
The reactions were carried out on a MJ Research PTC-200
Thermalcycler:
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Xu et al., 2000

Final IModification

Initial denaturation

94°C for 5 min

94°C for 5 min

Cycle No.

30

40

Denaturation

94°C for 1 min

94°C for 1 min

Annealing

54°C for 45 s

54°C for 2 min

Extension

72°C for 2 min

72°C for 2 min

final extension step

72°C for 5 min

72°C for 5 min

The PCR products were then stored at 4°C.

2.2.4.4: Adenovirus hexon PCR
A 301 bp product was generated by the primer pair Hexideg and Hex2deg
(Allard et al., 2001). The PCR was preformed in SOji/l volumes containing 45pl
of reagents at the following concentrations:
10 mM
1.5 mM
50 mM
200 ijM
25 pM
1 U
2 /7l

Tris-HCI [pH 8.3]
MgCl2
KCI
eachdNTP (2.5 juL each dNTP in 190 ^ul dsHzO)
each primer
Hexideg
Hex2deg
Tag DMA pol. per target species (0.5/71 of 5U / /7l Taq)
DMA extract

The reaction master mixture consisted of the reagents in the following
volumes
5 /7l Taq buffer
6

/7l MgCl2

8/71 dNTPs
1 fjl forward primer
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1 ij\ reverse primer
0.5 IJ\ Taq
26.5/7! sdHzO
The reaction was then carried out using:
48 /7l Master mix
2 /7l DNA extract

The reactions were carried out on a MJ Research PTC-200 Thermalcycler:
Initial denaturation step:
Followed by

94°C for 5 min
30 cycles of

Denaturation

94°C for 1 min

Annealing

59°C for 1 min

Extension

72°C for 1 min

Followed by a final
extension step of

72°C for 2 min

The PCR products were then stored at 4°C.

A nested primer pair, FlexSdeg and Flex4deg, was used to amplify a
171 bp product in samples which were negative by the first round PCR. Two
microliters of the first round product was used as a template for the nested
PCR with the same master mix as above. The reactions were carried out on a
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MJ Research PTC-200 Thermocyclyer following the program;

Initial denaturation step;

94°C for 5 min

Followed by 30 cycles of
Denaturation

94°C for 1 min

Annealing

59°C for 1 min

Extension

72°C for 1 min.

This was followed by a final extension time of 72°C for 2 min.

2.2.4.5: Restriction endonuclease digest
The 301 bp product of the initial PCR was used to type the adenovirus
amplicons through restriction endonuclease (RE) digestion. The RE typing
system employed was that described by Allard et al., (2001). Fifteen
microliters of the first round PCR template was digested for 2 hr with 5 U of
the appropriate RE (Sa/1 and HinH) according to the manufacturer’s
instructions (Promega, MSC, Dublin). The digested products were
electrophorised on 1.5% agarose gels and visualized as per 2.2.4.6. By
comparing the resulting patterns with that of Allard’s typing system, a species
and type was assigned (Allard et al., 2001).
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2.2.4.6: Visualization of PCR product by agarose gel electrophoresis
and EtBr staining

Following PCR or RE digest, 10gl of product was visualized by EtBr
staining following conventional agarose gel electrophoresis for 1.5 hr at 100V
in 1 X Tris acetate EDTA (TAE) buffer. The product was loaded onto the gel in
solution with loading buffer (2.1.2.4).
The agarose percentage of the gels was varied; a number of variations
were employed as part of a PCR validation. The gels were prepared using IX
TAE. The product was loaded using 10 pi of product and 3 pi of loading
buffer.
Molecular weight markers were run as appropriate; the grade of marker
used was matched to the agarose concentration of the gel and the expected
size of the resolved nucleic acid products. The markers were loaded using 2
pi of marker solution, 3 pi of loading buffer and 8 pi dsH20.
The products of the RE digest (2.2.4.5) were resolved on a 2% gel.
The products of the hexon PCR were resolved on a 1.5% agarose gel.

DNA products were visualized and photographed with an uv
transilluminator (Ultra Violet Products, Cambridge, UK).
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2.2.5: Immunological Techniques
2.2.5.1: Rotavirus detection
2.2.5.2: Adenovirus detection
Rotavirus and Adenovirus ELISA kits used the same protocol, as described
below, (IDEIA'“ Adenovirus, DakoCytomation).
All reagents were allowed to reach room temperature (15-20°C) prior to use.
2 drops (100pl) of control or test specimen were added to each well on the
test strip.
2 drops (100pl) of Conjugate were added to each well on the test strip.
The test strips were incubated at 20-30°C for 60 minutes,
the wells were washed 5 times, then
2 drops (100pl) of Substrate were added to each well on the test strip, and
incubated at 20-30°C for 10 minutes.
The results were read visually immediately a blue colour indicated a positive
sample.
A panel of selected clinical samples and post-infection cell culture samples
were subjected to ELISA analysis.
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Section III
Results
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3.1: Bovine coronavirus and Rotavirus cell culture infection
of HRT-18 cells
Following a review of the literature, HRT-18 cells were used for the isolation of BCV in
cell culture (Benfield and Saif 1990, Clarke, 1993, Tsunemitsu et al., 1995, Kapil et ai, 1996,
Hasoksuz, et al., 2002). The media used for growing and maintenance, RPMI-1640, Gibco
BRL, Scotland), during infection was modified to contain 5/7g/ml trypsin. In rotavirus infection
in vitro, trypsin cleaves the outer capsid protein VP4 which ensures the activation of viral
infectivity (Estes and Kapikian, 2007). The S glycoprotein of BCV is cleaved by proteases
during viral infection (Lia et al., 2007). The first part of this investigation involved studying the
effects of trypsin on the infectivity of BCV and BRV in HRT-18 cells. The cells infected with
BCV were infected using filtered faecal samples, to remove any bacteria present in the
sample. The use of antibiotics alone has been shown to be insufficient to prevent
contamination of cell cultures (Kapil et al., 1996). The nutrient environment provided for cell
culture replication is also ideal for bacterial growth and procaryotes divide at a much greater
speed than eucaryotic cells.

Figure 3.1 outlines the effects on HRT-18 cells as a result of infection
with samples known to contain only BCV and a sample of a mixed infection
with bovine rotavirus.
The cells were seeded in T25 cm^ cell culture flasks and grown to
semi-confluence prior to infection. Infection of the cells was carried out before
the monolayer achieved semi-confluence in order to facilitate attachment and
infection of the cells.
HRT-18 cells were grown in RPMI medium; the standard medium
formulation includes bovine serum (Appendix II).

Serum is an inhibitor of

trypsin; viral infection maintenance medium contains trypsin but does not
contain serum.

Formulations such as this have been used during viral

infection and have been shown to be successful in maintaining viable cells
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(Ward et al., 1984). The negative control was a mock infection using an equal
volume of PBS in places of the filter sterilised virus isolate.
The effect of different viral samples was examined by their ability to
produce c.p.e. on infection of HRT-18 cells. The most extensive c.p.e. was
observed when the sample had tested positive for both BCV and BRV (Fig.
3.1 B).

This particular sample was able to produce c.p.e, in the both the

presence and absence of trypsin in the viral infection media (Fig. 3.1 D).
The pattern of c.p.e. observed varied according to the virus involved in
the infection.

Rotavirus infection also resulted in discrete cells, which are

rounded up and shrunken in size (Fig. 3.1 F). Whereas infection with BCV
resulted in rounded, detached cells, the cells remaining on the monolayer did
not appear rounded, there was no evidence of cell fusion or syncytial
formation (Fig. 3.1 G).
The samples examined are listed in Table 3.1. The samples used to
infect the cells in Figure 3.1 are highlighted in bold text.
HRT-18 was unique among the cell lines investigated in that it
supported viral infection in the absence of trypsin in the infection media
(Figure 3.1 D).
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Figure 3.1: HRT-18 cells grown in RPMI-1640 with 5mg/ml porcine trypsin
(A, B, E, F, G, H) or 10% PCS in absenee of trypsin with L-G,PS (C, D).
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(A) Confluent monolayer, negative control (mock infected with PBS), cells
grown in presence of trypsin containing medium (XI00).
(B) Cells infected in presence of trypsin with sample which tested positive for
BCV and BRV (CIT5) 24h p.i. Note fused membranes and rounded cells
(arrowhead) (XI00).
(C) Confluent monolayer, negative control (mock infected with PBS), cells
grown in serum containing medium, in the absence of trypsin (X200).
(D) Cells infected in absence of trypsin with BCV / BRV positive sample
(C1T5) 24h p.i. Note less extensive C.P.E., (arrowhead) (X200). BCV + RV
(E) Negative control (mock infected with PBS), cells grown in presence of
Trypsin (X200).

(F) Cells infected with human rotavirus strain Wa, positive control, 24h p.i..
Discrete cells, showing rounding but with no evidence of cell fusion. (X200).
(G) Cells infected in presence of trypsin with BCV positive sample CIT9, 24h
p.i., no evidence of cell fusion (X200).
(II) Cells infected in presence of trypsin with BCV / BRV positive sample
(CIT5) 24h p.i.. Evidence of cell loss, with fusion of membranes (arrowheads)
(X200).
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"able 3.1: Summary of 3CV sample data.
CIT No.

RVL No.

Date ol'collection

Age / Days

ELISA status

1524

26/02/2002

28

BCV

3
4
5

1606
1791
1965
2018

6

2048 (2)

26/02/2002
21/03/2002
04/04/2002
04/04/2002
04/04/2002

3
7
10
21
14

BCV
BCV / Rota
BCV
BCV / Rota
BCV

7

1994

04/04/2002

7

BCV / Rota

8

1993

04/04/2002

7

BCV / Rota

9

2044

04/04/2002

5

BCV

10
11
12

1967
1956
2696
2653
2454
2456(2)
3143
3004
6286
6411
6487
6382
6530
6288
6857
6876
801
858
941
977
1302
1311
1343
1387
1627
1628
1630
1733
1845
1919
2296
2332
2362
974
1058
897

04/04/2002
04/04/2002
22/04/2002
22/04/2002
22/04/2002
22/04/2002
28/05/2002
28/05/2002
13/12/2002
13/12/2002
13/12/2002
13/12/2002
13/12/2002
13/12/2002
10/01/2003
10/01/2003
07/02/2003
07/02/2003
07/02/2003
07/02/2003
24/02/2003
24/02/2003
24/02/2003
24/02/2003
05/03/2003
05/03/2003
05/03/2003
05/03/2003
11/09/2003
11/09/2003
11/09/2003
11/09/2003
11/09/2003
19/02/2003
2003
2003

10

BCV / Rota
BCV / Rota
BCV
Rota
BCV / Rota
BCV
BCV / Rota
BCV / Rota
Rota
Rota
Rota
BCV / Rota
Rota
Rota
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV / Rota
BCV
BCV / Rota
BCV / Rota
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV

1
2

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

3
14
7

10
3
4
4
9

21
6
U/N
U/N
14
U/N
U/N
7
U/N
4

21
2

21
U/N
U/N
4
7
U/N
U/N
U/N
U/N
U/N
U/N
U/N
U/N
U/N
U/N
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3.2. A. Cell Culture Negative (XI00). B. Positive control, rotavirus Wa (XI00).

3.2.C CITBCV5 positive for bovine coronavirus and rotavirus (X400)
Figure 3.2: HRT-18 cells grown in RPMI-1640 with 5mg/ml porcine trypsin in
a T-25cm tissue culture flask.
A. Negative control mock infected with sterile PBS.
B. Positive control infected with human rotavirus strain Wa.
C. Cells as above infected with C1TBCV5, this sample was know to contain
both bovine coronavirus and rotavirus (Table 3.1). There was extensive c.p.e.
observed, with syncytial fonnation, cells shrinking, rounding and detaching.
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3.3. A. Cell Culture Negative (XIOO).B. Positive control, rotavirus Wa (XI00).

’’4 .

•*

'./^■N* •

3.3.C CITBCV5 positive for bovine coronavirus and rotavirus (X400)
Figure 3.3: HRT-18 cells grown in RPMI-1640 with standard media
fomiulation including serum in a T-25 tissue culture flask, in the absence of
trypsin.
A. Negative control mock infected with sterile PBS.
B. Positive control infected with human rotavirus strain Wa.
C. Cells as above infected with CITBCV5, this sample was know to contain
bovine coronavirus and rotavirus (Table 3.1). The c.p.e. observed was different
to that seen in Fig. 3.2 with cells unhealthy, possibly vacuoles forming but no
syncytial formation.
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Figures 3.2 and 3.3 highlight the differences in the pattern of c.p.e.
obtained in the presence and absence of trypsin in the infection media. It is
also important to note the difference in appearance of the negative controls,
as growing HRT-18 cells in the presence of trypsin does have an impact on
their appearance. The cell monolayer in Fig. 3.3 A is confluent, while there is
some disruption to the monolayer in Fig 3.2 A. Nonetheless, in both
conditions, there is a clear difference between the positive and negative
controls. Rotavirus infection of FIRT-18 cells results in the cells rounding and
sloughing off, under a light microscope there are smaller cells, which appear
smaller and separate from surrounding cells on the monolayer. The negative
control was a mock infection using an equal volume of PBS in places of the
filter sterilised virus isolate.
The pattern of infection described in Fig. 3.3 C was observed only in
infections carried out in the absence of trypsin.
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3.2: BCV infection of CaCO-2 cells in vitro
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D. CIT3 - samples positive for BCV and BRV (X200).
Figure 3.4 BCV infection of CaCO-2 cells in the presence of trypsin.
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Figure 3.4. BCV infection of CaCO-2 cells, grown in DMEM, 10% FBS, 1%
GPS)
A. Negative control mock infected with sterile PBS.
B. Positive control infected with human rotavirus strain Wa.
C. Cells as above infected with CITOl this sample was know to contain bovine
coronavirus only.
D. Cells as above infect with sample CIT03, this sample contained bovine
coronavirus and bovine rotavirus (Table 3.1).

The human intestinal cell line CaCO-2 was investigated for ifs ability to
support the replication of BCV and BRV from bovine samples. This human
colorectal adenocarcinoma cell line was developed to study drug absorption.
CaCO-2 cells have also been used in the isolation of enteric viruses (Pinto et
al., 1994)., and were thus deemed suitable to analyse for the effects of viral
infection. The intestinal cell line CaCO-2 was shown to support BCV infection
in this study. The negative control was a mock infection using an equal
volume of PBS in place of the filter sterilised virus isolate. The cells were
grown in T25cm^ flasks in DMEM modified with 10% fetal bovine serum (FBS)
and antibiotics (1% GPS). Serum was omitted from the infection medium,
which also contained Sjug/ml trypsin. Infection was carried out using the
conventional media formulation without trypsin, no c.p.e. was observed under
these infection conditions.
The pattern of c.p.e. observed was different to that observed during the
infection of HRT-18 cells. CaCO-2 cells were able to support the infection of
BCV as well as mixed infections, but only in the presence of trypsin containing
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medium. In fact, the only cell line investigated to support infection in the
absence of trypsin was HRT-18 (Section 3.1).
The c.p.e. pattern observed in Figure 3.4 C was also observed in BCV
infection of HRT-18 cells. The difference between Fig. 3.4 C and Fig. 3.4 D
above can be attributed to the more rapid infection cycle of Wa, which has
been cell culture adapted.
CIT3 (BRV+, BCV+) induced c.p.e. at 72h p.i. and CIT1 (BCV+ only) at
96h p.i. The presence of both BCV and BRV in sample CIT3 resulted in a
different course of infection compared with sample CIT1, which was positive
for BCV only. The first signs of c.p.e. induced by CIT15 were also observed
at 72h p.i. The c.p.e. in 3.4 D includes the sloughed, rounded cells previously
identified with rotavirus infection. Any cells remaining attached to the surface
of the flask were discrete cells and did not show any evidence of the cell
fusion typically seen in Fig. 3.4 C or Fig. 3.1 H.
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Table 3.2. Details ol'BCV samples, including of ages of infected animals with different infection
profiles; BCV = bovine coronavirus only. Rota = Rotavirus only and BCV/Rota = combined infection
with both viruses. Highlighted samples are those illustrated in Figs. 3.1 - 3.4.
Cff No.
RVL No.
Date of collection
Age / Days
ELISA status
1
26/02/2002
BCV
1524
28
BCV
2
1606
26/02/2002
3
BCV
4
04/04/2002
10
1965
BCV
6
2048(2)
04/04/2002
14
9
04/04/2002
2044
5
BCV
14
BCV
12
2696
22/04/2002
15
24
25
26
27
28
29
30
31
33
36
37
38
39
40
41
42
43
3
5
7
8
10
11
14
16
17
21
32
34
35
13
18
19
20
22
23
BCV
23

2456 (2)
6857
6876
801
858
941
977
1302
1311
1387
1630
1733
1845
1919
2296
2332
2362
974
1791
2018
1994
1993
1967
1956
2454
3143
3004
6382
1343
1627
1628
2653
6286
6411
6487
6530
6288
Sample count
BCV / Rota
13

22/04/2002
10/01/2003
10/01/2003
07/02/2003
07/02/2003
07/02/2003
07/02/2003
24/02/2003
24/02/2003
24/02/2003
05/03/2003
05/03/2003
11/09/2003
11/09/2003
11/09/2003
11/09/2003
11/09/2003
19/02/2003
21/03/2002
04/04/2002
04/04/2002
04/04/2002
04/04/2002
04/04/2002
22/04/2002
28/05/2002
28/05/2002
13/12/2002
24/02/2003
05/03/2003
05/03/2003
22/04/2002
13/12/2002
13/12/2002
13/12/2002
13/12/2002
13/12/2002

3
U/N
U/N
7
U/N
4
21
2
21
U/N
U/N
U/N
U/N
U/N
U/N
U/N
U/N
U/N
7
21
7
7
10
3
10
4
4
U/N
U/N
4
7
7
9
21
6
U/N
14

BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
BCV / Rota
Rota
Rota
Rota
Rota
Rota
Rota

Total
Rota
6

42

3.3: BCV cell culture infection of selected cell lines
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Several cell lines were selected for infection with these isolates with
most emphasis on the human intestinal cell lines; HRT-18, SW-620, and
CaCO-2. Table 3.3 outlines the different responses observed in the cell lines
following infection with filtered samples from cases of bovine diarrhea
samples.

Table 3.3 Cell culture infections of selected cell lines with bovine faeces

Cells

Media

HRT-IS
SW-620

tr\"psm

CPE-

serum

CPE-

trs'psin

CPE-

tr],-psm

5

8

6

-

CPE-

CPE- CPE—

CPE-

CPE-

-

CPE-

CPE-

CPE-

-

-

9

10

(Mi.x) (BCV) (Mix)

CPE-- CPE- CPE-

CPE-

CPE-

11

12

13

(Mix) (BCN') (Rota)
CPE-

CPE-

-

tr^’pstn

MA
CPE—

CPE-

CPE-----

-

CPE----CPE—

CPE-

CPE-

CPE-

CPE-

CPE-----

CPE-

CPE- CPE—

CPE-

serum

KT-29

CPE-

-

CPE-

-

CPE—

•

CPE—

-

-

serum

NLA-104

HRT-18

4

serum

CaCO-2

Cells

3.

1

(BCNl (BCNl (Slix) (BCN-) (Mk) (BCV) (Mix)

tr,'psin

CPE- -

CPE- - CPE—

CPE- - CPE—

’

serum

Media
trv.'psin

15

16

(BCAl (Mut)

17
29
19
20
24
25
32
33
3"^
(NIu) (Rota) (Rota) (BCV) (BCM (BCM (3Iix) (BCM (BCN-)

:pe—■ CPE- - CPE-

CPE-

CPE- CPE-

CPE-

CPE-

CPE-

WA

CPE- CPE—

CPE-----

senun

CPE—

The cell lines used for this investigation were chosen after a survey of
the relevant literature. The above cell lines had been previously reported as
suitable for the propagation of GE viruses (Reigel, 1985). Chan and co
workers examined HT-29 and SW-620 for their suitability for the isolation of
SARS-CoV, these cells lines were identified as non-permissive for SARS-CoV
infection (Chan et ai, 2004).

HRT-18 is the most commonly utilized cell line

for BCV isolation (Clarke, 1993). MA-104 has been used for the isolation of
rotaviruses (Guerrero et al., 2000). Other cell lines available in-house were
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examined for the suitability for this investigation.

Cell culture infections were

carried out in 35mm plates or T-25 cm^ tissue culture flasks.
In this part of the investigation, a range of cell lines were examined for
their potential to support the replication of BCV and or BRV in vitro. Cell lines
were infected in both the presence and absence of trypsin, using appropriate
cell culture media. Cytopathic effects were typically observed only in the
presence of trypsin, with the exception of HRT-18 cells, where c.p.e. was
observed in the absence of trypsin. CaCO-2 cells, for example, were able to
support the growth of BCV and mixed infection samples, but only in the
presence of trypsin. HRT-18 cells were infected irrespective of the
composition of the infection media used, or the combination of virus sample
applied to the monolayer, confirming their reported utility in isolating these
viruses (Gomes etal., 1992).
HT-29 cells were less susceptible to both BCV and BRV infection; and
were only investigated for its ability to induce infection in the presence of
trypsin.
MA-104 demonstrated little or no c.p.e. in the presence of BCV
infection; this cell line did support rotavirus infection. Some c.p.e. was
observed with CITBCV6 with was only positive for BCV, most c.p.e. observed
with MA-104 cells occurred with samples known to contain rotavirus. Although
these cells could not be used to differentiate between rotavirus and
coronavirus infection.
SW-620 did not induce infection in the absence of trypsin. There was
little c.p.e. observed when this cell line was infected in the presence of trypsin.
The first signs of c.p.e. were observed at 72h p.i.

8

Bovine sample designated CITBCV5 was notable in its ability to induce
c.p.e. across a range of cell lines and infection conditions. This was a mixed
infection sample known to be positive for both bovine coronavirus and bovine
rotavirus. This samples was obtained from a calf of 21 days old. This sample
induced c.p.e. on infection of HRT-18, in the presence of trypsin, within 24h
р. i. Other samples required at least 48 hours to induce noticeable changes in
a cell monolayer.
The cell line T84 was also investigated but did not result in any c.p.e.,
this ceil line also proved difficult to propagate in vitro.
it was hoped to identify a cell culture system which would be able
clearly differentiate between a clinical sample containing only BCV and one
with a mixed infection with bovine rotavirus. MA-104 was more likely to show
с. p.e. in the presence of a mixed infection, but the distinction was not clear
enough to be of diagnostic use.
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3.4: BCV cell culture infection of cells expressing anti apoptotic gene bcl-2.
The expression of bcl-2 in ATS cell lines leads to the establishment of a
persistent SFV infection (Scallan et al., 1997). Cells expressing bcl-2 and
infected with BCV only did not show the usual c.p.e. associated with BCV
infection, the control cells ATSNeo did, however show c.p.e. (Table 3.4).
The mechanisms involved in BCV surviving over winter in a herd
remain unclear. Winter dysentery has been known to cause a persistent
infection, where virus continues to be shed in the faeces after the infection.

Table 3.4 Cell culture infection of cells expressing the anti-apoptotic gene bcl-

Cells

7 Mix

8 Mix

16 Mix

17 Mix

20 Rota

29 BCV

33 BCV

ElO

WA

A 1 3 Neo

c.p.i-:.+

c.p. [■:.+/-

C.P.E. w

c.p.i;.-

c.p.i;.+

c.p.i:.+

c.p.i:.+

c.p.i;.+ +

c.p.i:.

AT3 Bcl-2

c.p.i:.^

C.P.E.-

C.P.E.+

C.P.E.-

C.P.E.-

c.p.i:.-

C.P.E.-

C.P.E.+ +

C.P.E.-

The positive control, Wa, induced infection in both cell lines, while
clinical samples known to contain BRV failed to do so. Semliki forest virus
L10 is also known to infect the ATS cell line (Scallan et al., 1997). BCV
infected into ATS-Neo were infected and showed c.p.e.. Cytopathic effects
were also observed in mixed infection samples (CIT 7 and CIT 16).

No c.p.e.

was observed in BCV only samples CIT 29 and CIT 33. It is possible that a
persistent infection was induced. Persistant infection of the SARS-CoV has
been observed in cell culture (Chan et al., 2004).
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3.5: BCV RNA extraction

Lane
13
12
11
10
9
8
7
6
5
4
3
2
1
M

Contents

Positive Control rotavirus
strain WA
C1TBCV42 BCV only
C1TBCV40 BCV only
CITBCV39 BCV only
CITBCV36 BCV only
C1TBCV33 BCV only
CITBCV31 BCV only
CITBCV30 BCV only
C1TBCV29 BCV only
CITBCV26 BCV only
Cn BCV25 BCV only
Cri'BCV24 BCV only
cn BCV13 RVonly
Molecular Weight Marker
Grade Ml

Figure 3.5. BCV RNA isolation from clinical samples. Extracted RNA run on

1.5 % agarose gel stained with ethidium bromide. Lane 13, rotavirus lab stock
WA (positive control). Marker Grade Ill band at 21,226 bp (Black arrowhead),
fhe white arrowhead identifies the location of BCV RNA also Lane 3 and 5.

An attempt was made to isolate viral RNA from a selection of BCV
isolates. The results of this are presented in Figure 3.5. A number of
problems were observed. The BCV genome ranges in size from 27 to 32 kb,
consisting of one molecule of RNA. In Figure 3.5 the molecular weight marker
has a band at 21,226 bp Grade III (0.12 - 21.2 kbp) (Roche Diagnostics
GmbFI, Germany). The band in this region in Lanes 3, 5, and 7 may
correspond to BCV RNA. The positive control was not resolved on the gel, it
was streaked along the length of its path through the gel. This may be due to
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contamination with ribonuclease enzymes. Further steps need to be taken to
prevent contamination by these enzymes disrupting the RNA extraction
process.

3.6: Enteric adenovirus
At this point it was decided to extend the study to a second
gastroenteritis virus, human enteric adenovirus. As with BCV, this virus was
often observed in mixed infection with rotavirus. The samples for the part of
the study were collected from the Microbiology laboratory of Cork University
Hospital. The samples collected on the basis of the results of combi-stick
analysis, all samples positive for adenovirus were collected (n=66), a subset
of these were positive for both adenovirus and rotavirus (n=5. Table 3.6).

85

3.6.1: Enteric adenovirus infection of selected cell lines
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A. Ce 1 Culture Negative, PBS (XI00).____ B. Positive control, rotavirus Wa (XI00).

-/ii

mi

C. CITAD44 - positive for adenovirus and rotavirus (X200).

D. CITAD23 - positive for adenovirus, negative for rotavirus (X200).
Figure 3.6 Adenovirus infection of HRT-18 cells.
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Figure 3.6: HRT-18 cells grown in RPMI-1640 with 5mg/ml porcine trypsin in
2

a T-25 cm tissue culture flask. All of the images taken at 48h p.i.

A. Negative control mock infected with sterile PBS.
B. Positive control infected with human rotavirus strain Wa,
C. Cells as above infected with CITAD44, this sample was know to eontain
adenovirus and rotavirus (rotavirus deteeted by PXISA).
D. Cells as above infected with sample CITAD 23, this sample contained only
adenovirus, no RV detected by CUM or on molecular analysis (Table 3.1).

The mixed infection (clinical sample CITAD44) infected HRT-18 cells.
There is evidence of cell rounding, gaps appeared in the cell monolayer, the
general appearance of the monolayer was different to that of the negative
control (Figure 3.6 A).
The cells in Fig 3.6 D show some evidence of rounding up. There were
no detached cells visible.
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A. Cell Culture Negative, PBS (XI00).

B. Positive control, rotavirus Wa (XI00).

D. CITAD44 - sample positive for adenovirus and rotavirus (X200).
Figure 3.7. HT-29 cells infected with adenovirus clinical samples
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Figure 3.7. HT-29 cells grown in DMEM with 5mg/ml porcine trypsin in

35mm tissue culture dish. All of the images taken at 48h p.i.
A. Negative control mock infected with sterile PBS.
B. Positive control infected with human rotavirus strain Wa.
C. Cells as above infeeted with CITAD16, this sample was know to contain
adenovirus only.
D. Cells as above infected with CITAD44, this sample was know to contain
adenovirus and rotavirus (rotavirus nucleic acid banding observed on agarose
gel).

Clinical sample CITAD16 induced c.p.e. on infection of HT-29 cells in
the presence of trypsin. The monolayer was disrupted by cell loss. Cells
remaining on the monolayer showed rounding. The c.p.e. appeared nonfusogenic.
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3.6.2: Adenovirus and rotavirus cell culture infections
A panel of adenovirus clinical samples (n= 49) was selected for in vitro
infection of cell lines. A review of the relevant literature identified HRT-18 as a
cell line suitable of the isolation of enteric adenoviruses (Gomes et a/., 1991).
HT-29 cells were also chosen as a cell line for the investigation of this virus.
The samples chosen included samples know to be solely enteric adenovirus
positive, both rotavirus and adenovirus positive, and rotavirus strain Wa,
which served as a positive control. None of the clinical samples investigated
contained only rotavirus.
The cells were seeded in T25 cm^ cell culture flasks and grown to
semi-confluence prior to infection. Infection of the cells was carried out before
the monolayer achieved semi-confluence in order to facilitate attachment and
infection of the cells. This is of particular importance for enteric adenovirus
infection in vitro. The enteric adenoviruses were historically known as the
fastidious adenoviruses due to the initial inability to propagate these viruses in
vitro.
The first evidence of c.p.e. was typically observed at 48h p.i. CITAD11,
14,16 only induced c.p.e. in HT-29 cells only and not HRT-18 cells.
The samples collected on the basis of the results of combi-stick
analysis, all samples positive for adenovirus were collected (n=66), a subset
of these were positive for both adenovirus and rotavirus (n=5, CITAD 7, 14,
15, 17, 37). During the course of the investigation, a further 4 samples were
observed to contain rotavirus-like RNA banding when extracted nucleic acid
was visualised by agarose gel electrophoresis, 2 of these samples were
identified as rotavirus positive by ELISA (Tables 3.5 - 3.6).
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Table 3.5. Adenovirus samples whieh induced eytopathic effects in cell
culture. The highlighted samples were positive for both adenovirus and
rotavirus. Table 3.4 A lists samples whieh induced c.p.e. in HRT-18 cells only,
3.4 B lists samples which induced c.p.e. in both HRT-18 and HT-29 cells, 3.4
C lists samples which induced infection only in HT-29 cells. These results
refer to analysis and cell culture infections carried out using the original
clinical samples, unless otherwise specified. Results with cc refer to analysis
carried out using a cell culture media samples post-infection. Samples
identified as Rota + (CUH) have been identified as rotavirus positive by combistick and ELISA these samples are also positive for adenovirus. The DNA
column identifies samples from which DNA was successfully extracted. § Results from clinical samples and post-infection cell culture media.
Table 3.5 A
Cl r
AD#

D.O.B.

CUH#

Immunocytochemistry
(combi-stick
identification)

HRF- 18
'f

5

26/08/2003

MF6608

Adenovirus only

29

03/08/2001

MF8010

Adenovirus only

31

20/10/00

IV1F7823

Adenovirus only

37

16/08/03

.MF0045

42

N/A

43
45

Cell Culture

DNA

AdF PCR

Rota ELISA

HT-29
+

pos ce

-

4-

/ pos ce

+

-

+

^4- / pos ee

Adeno and rota +

+

-

+

-

-

M1'7903

Adenovirus only

(

-

-

06/12/02

MI-0042

Adenovirus only

4

-

-

08/11/02

MF0783

Adenovirus only

+

-

■r

-4

^-/ neg cc

able 3.5 B
17

10/02/2001

MF6710

Adeno and rota+

+

+

-

24

17/11/2002

MF6967

Adenovirus only

+

4-

4-

34

29/01/03

MF7605

(rota like bands)

4-

4-

-

35

N/A

MF8332

Adenovirus only

+

4-

38

27/06/03

MF7907

Adenovirus only

4-

44

23/03/01

MF0929

Adeno and rota +

/ pos CC

-

neg cc

-

-

neg ec

4-

4-

4-

^-/ neg ce

-H

-1-

-1-

-

/ pos cc

Table 3.5 C
8

27/12/2002

MF3022

Adenovirus only

-

4-

-

11

26/09/0X

MF3265

Adenovirus only

-

4-

+

14

22/11/2001

IVIF2611

Adeno and rota +

-

+

-

16

04/10/2003

MF6618

Adenovirus only

-

4-

-

23

09/10/2002

MF2360

Adenovirus only

-

4-

-
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All of the samples obtained were identified as positive for enteric
adenovirus. Some of the samples analysed showed varying evidence of
rotavirus infection, as identified by combi-stick initially at CUH and also during
this investigation, by ELISA. Tables 3.5 A, C and B are sorted by the ability of
the samples analysed to produce c.p.e. on HRT-18 only, HT-29 only and both
cell lines respectively. Passage through cell culture did not change the ELISA
status of a clinical sample. Clinical samples initially negative for rotavirus
remained negative for rotavirus after cell culture infection.

Table 3.6. Time taken post-infeetion for c.p.e. to be visible after infection with
adenovirus clinical samples of HRT-18 cells. More than one + in a row
describes different results during different infections. § Identifies samples
positive for adenovirus and rotavirus.
Sample No.
CIT AD

Time /h
24

5

48

72

96

120

+

+

144

+

4

-t+•

8

+
+

17
20
23

+

24
27
28

+
+

+
+

29

+

31
34
35

+

37^

4-

+

38

+

+

40

+
+

42
43
44^

+

45

+

51

+

53

+

56
58
61

-f-

+
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3.7: Enteric adenovirus isolates obtained from CUH
Table 3.7: Summary of adenovirus samples obtained from CUH. (§ Rota like
bands) These samples were initially identified as being only positive for
adenovirus, after nucleie acid extraction a banding pattern characteristic of RV
was observed on the agarose gels.

CIT
AD#

CUH#

D.O.B.

Viruses present in
sample

Cell Culture
Infection

AdF PCR
DNA

HRT-18 HT-29
2
4
5
6
7
1 1
13
14
15
16
17
23
24
29
31
32
JJ

34
35
36
37
38
39
40
41
42
43
44
45
46
48
49
51
53
55
56
58
61

MF6618
N/A
MF6801 28/06/2003
MF6643 11/10/2001
MF6608 26/08/2003
1V1F6619
N/A
MF6710
N/A
MF3265 26/09/0X
MF3638 21/04/2002
1VIF261 1 22/1 1/2001
MF2618
N/A
IVIF6618 04/10/2003
MF6710 10/02/2001
MF2360 09/10/2002
MF6967 17/11/2002
1V1F8010 03/08/2001
1V1F7823 20/10/00
MF7824 25/08/99
MF7822 25/06/02
MF7605 29/01/03
N/A
1V1F8332
MF8353 19/12/03
MF0045 16/08/03
MF7907 27/06/03
MF8383 17/07/03
MF0487 05/12/03
MF7916 11/09/03
MF7903
N/A
MF0042 06/12/02
1VIF0929 23/03/01
1VIF0783 08/1 1/02
MF0729 24/01/03
MFl 137
N/A
MF1220 23/03/03
314A
N/A
322A
N/A
317A
N/A
MF1918
N/A
MFl 880
N/A
MF2345 29/12/00

Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
Adeno and rota +
Adenovirus only
Adenovirus only
Adeno and rota +
Adeno and rota /
Adenovirus only
Adeno and rota t
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
rota like bands §
Adenovirus only
Adenovirus only
Adeno and rota t
Adenovirus only
rota like bands §
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
§ (rota like bands)
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
Adenovirus only
rota like bandsij
Adenovirus only

-

-

-

-

+
-

-

-

+
t

Pre cc Post CC Pre cc Post CC Pre cc Post cc
+
44+

-

-!-

-

-

4
+
+
4f
f

-f
+

-

-

f
4-

+
4-

-

+
4-

4-

-

-

4

-

4
4-

-

4
-

-

4

4-

4-

1

-

4-

4

+

-

-

4-

-

4-

-

-

+

4-

-

+

+

-

-

-

-

+

-

-

+

44-

4-

-

-

+

4-

-f

-

-

-

+

-

4-

-

-

4-

-

-

-

-

4-

4-

-

+
+
+
+

-

-

-

-

-

+

-

4-

4-

-

4-

4-

-

-

+
+

4

-f

4-

-

4

-

-

-t

-4

-

-

-

f

+
+
+

4

4

-

-

f

-

+

f

-

+

4^

t

-

■+

-

Adeno
ELISA

Rota ELdSA

-

-
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1

t

4-

4-

The media removed from adenovirus infected HRT-18 cells was
subjected to an adenovirus ELISA. Both the rotavirus and adenovirus ELISA
kits detected the viruses in cell culture media obtained from infected cell
monolayers. The kits used in this investigation were capable of detecting virus
both in filtered faecal samples and after the virus was passaged through a cell
culture infection. These immunoassays were carried out to confirm the virus
status of the clinical samples before further investigation was carried out.
The monolayers were treated by freeze thawing followed by
centrifugation to enhance virus isolation. This was followed by a standard
nucleic acid extraction procedure. The extracted total nucleic acid was used
as a DNA template for an adenovirus PCR. Prior to PCR analysis, the
extracted nucleic acid was visualized by agarose gel electrophoresis with
ethidium bromide staining to identify the composition of the samples. A
number of the samples analysed contained evidence of rotavirus RNA (n= 4,
Figure 3.8). This was used as a guide to identify the status of the samples
analysed. There was no evident difference between clinical samples and cell
culture passage derived samples.
In some cases it was not possible to isolate adenovirus from a sample. For examples
CITAD17, this sample tested positive for adenovirus and rotavirus, but only rotavirus could be
detected by ELISA. This sample did infect both HT-29 and HRT-18.
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3.8: Enteric adenovirus DNA isolation
A

B

Marker Grade III
M
Marker Grade III
12
cn AD5 cell culture passage
12
Cl rAD29 cell culture passage
11
cn AD43 clinical sample
CrrAD24 clinical sample
11
10
cn AD42 clinical sample
Cri AD20 clinical sample
10
9
Cn AD41 clinical sample
Cl l ADl 9 clinical sample
9
cn AD40 clinical sample
8
Cn ADI4 clinical sample
8
CITAD39 clinical sample
7
Cl l ADlO clinical sample
7
6
Cn AD38 clinical sample
6
CITAD7 cell culture passage
CITAD7 clinical sample
5
CITAD37 clinical sample
5
4
4
C1TAD36 clinical sample
CITAD5 cell culture passage
3
C1TAD35 clinical sample
3
C1TAD4 clinical sample
2
2
CITAD31 cell culture passage
CITAD3 cell culture passage
CITAD29 clinical sample
1
Negative control (cell culture blank) 1
M Marker Grade 111
M
Marker Grade 111
Figure 3. 8. Agarose gel of adenovirus DNA following nucleic acid extraction, fhis was carried out to
identify viable samples for further analysis. Lanes A: 3, 10, 11, 12 and Lanes B: 1,2, 4, 5, 6, 7, 8 .9
and positive for Adenovirus DNA. Additionally, lanes B 4, 5, 6, 7, 8 demonstrate a RNA banding
pattern indicative of Rotavirus RNA segments. Lanes identified as M contain a molecular weight
marker Grade 111 (Appendix 1).
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3.9: Enteric adenovirus PCR
A subset of adenovirus samples (n=34) were selected for analysis by PCR.

A

B

Lane

Lane B

A

Contents

Contents

M

Grade III

12

CITADIS

M

Grade III

n

CITAD14

11

C1TAD32

10

CITAD12

10

C1TAD3I

9

CITADl 1

9

CrrAD30

8

CITADIO

8

cn AD29

7

cn AD

8

7

crrAD28

6

CI TAD 7

6

CITAD27

5

Cn’AD 6

5

C! 1 AD24

4

CHADS

4

CnAD23

3

cn AD4

cn AD2I

2

cn AD2

3
2

1

cn ADI

1

CHAD 19

M

Grade III

M

Grade III

Figure 3.9. Initial adenovirus PCR. 23 adenovirus DNA extracts, identified by
ELISA and DNA detected by EtBr stained agarose gel electrophoresis. Grade
III - Molecular Weight Marker Grade III (Appendix 1). This PCR did not
amplify the expected product; all the samples used were clinical samples.

The PCR reaction conditions were altered a number of times before a
satisfactory result was obtained.
The annealing time was increased from the original 45s to 2 min. The
cycle number was increased to 40. This protocol was adapted from a
multiplex PCR designated to detect all adenovirus serotypes. As well as
altering the PCR reaction conditions, the agarose content of the gel was also
varied and a number of different concentrations of agarose were investigated
for their ability to resolve the amplicon and markers.
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CirAD20

Lane
IM
9
8
7
6
5
4
3
2
1
M

Contents
Molecular Weight Marker Grade III
Negative control (PBS)
CITAD33 clinical sample
CITAD32 clinical sample
CITAD31 clinical sample
C1TAD30 clinical sample
CrrA[)29 clinical sample
C1TAD28 clinical sample
CITAD5 cell culture passage
CrrAD4 cell culture passage
Molecular Weight Marker Grade 111

Figure 3.10. Development of PCR, extended annealing step and increased
cycle number.

The altered PCR conditions were examined for its ability to amplify the
product. This was part of a PCR optimisation. Although some PCR product
bands were observed further changes were required.
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M..|
10

Lane
M
10

Negative control (PBS)

8

Negative control (cell culture blank)
C1TAD31 cell culture passage

7

CITAD29 cell culture passage

6

Cn'ADOS eell culture passage
C1TAD04 cell culture passage

9

5
4
3

2
1
M

M

Contents
Molecular Weight Marker Grade 111

CITAD03 cell culture passage
CITAD4I clinical sample
Cri AD38 clinical sample
Cri'AD29 clinical sample
Molecular Weight Marker Grade 111

•

Figure 3.11. Adenovirus PCR, using DNA from cell culture passage and
extracted from clinical samples. The DNA band of interest is marked by the
upper arrow. I'he lower arrow identifies the location of the 564bp band of the
marker Grade III. fhe PCR product produced depeneded on the serotype
present: Ad41 = 586 bp, Ad40 = 541 bp.

This PCR (Figure 3.11) was carried out using clinical samples and cell culture
passages of clinical samples. The modifications to the PCR conditions were
successful in amplifying the target DNA from the 2 different sources.
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l^ane
M

Contents

10

Molecular Weight Marker
Grade XIV
Negative control (PBS)

9

C1TAD32 cell culture passage

8

C1TAD35 cell culture passage

7

C1TAD24 cell culture passage

6

C1TAD13 cell culture passage

5

C1RAD44 cell culture passage

4
3

Negative control (cell culture
blank)
C1TAD38 cell culture passage

2

C1TAD35 cell culture passage

1

ClTADl7 cell culture passage

IM

Molecular Weight Marker
Grade XIV

Figure 3.12. Adenovirus PCR, using DNA extracted from cell culture passage

and from clinical samples. The bottom arrow identifies the location of the
SOObp band of the marker used. The amplicon for Ad41 is 586bp.
The adenovirus PCR developed here (Xu et a/.. 2000) detected enteric
adenovirus in the samples obtained from CUH and in cell culture passage
post-infection. All of the isolates examined were subsequently identified as
Ad41.
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The extended annealing may have effected the specificity of the PCR.
From the gels of the cell culture passage it appears that either a
contamination occurred or that the primer was annealing to nucleic acid
derived from the cell monolayer. The PCR was not reported for detecting
adenovirus in cell culture samples.
In some PCRs a faint band was observed where the cell culture
negative control was run on the gel (Figure 3.12, Lane 4). This was a sample
of cell culture media taken from the negative control cell culture infection; cell
line was mock infected with an equal volume of sterile PBS. It was not known
if this was a contamination issue or a problem with the primers binding to
genetic material present in the cell culture media. Steps were taken to
eliminate potential sources of contamination, such as preparing the master
mix in a sterile laminar flow hood.
All the samples examined using this PCR were identified as serotype
AD41. This identification could only be made by determining the size of the
PCR product on a gel. The PCR products were similar in size and a second
PCR was investigated which could give a definitive identification by using a
restriction endonuclease digest to identify adenovirus samples to the serotype
level.
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3.10: Enteric adenovirus hexon PCR

Lane
7
6
5
4

3

2
1
M

Contents
Ci rAD78 clinical sample
CrrAD77 clinical sample
CrrAD76 clinical sample
Cl rAD75 clinical sample
CrrAI)74 clinical sample
Positive control Ad4()
Negative control sdlNO
Molecular Weight Marker XIV

Figure 3.13. Adenovirus PCR of clinical samples. PCR product is 301 bp.
Black arrowhead at the 300bp band of marker grade XIV (Appendix I).
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A second method was then subsequently investigated for the detection
and identification of adenovirus from clinical samples. This consisted of a
combination of a PCR, followed by a restriction endonuclease digest and a
flowchart based identification scheme derived from adenovirus sequence data
(Allard et al., 2001). This PCR uses degenerate primers directed to a
conserved region in the adenovirus hexon gene. The primers were designed
using sequence data to anneal to the 51 adenovirus serotypes with 44
different genome types of those serotypes. A set of nested primers are
available for clinical samples which are negative by the first PCR (Allard et al.,
2001). The product amplicon for this PCR is 301 bp.
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3.11: Nested hexon PCR

Lane Contents
3

CITAD78 clinical sample

2

C1TAD75 clinical sample

1

Negative control sdH20

M

Molecular Weight Marker XIV

Figure 3.14. Adenovirus nested hexon PCR of clinical samples which were not

identified by the T' round PCR. fhe PCR product is 171 bp. The lower
arrowhead is at the 200bp band of marker grade XIV (Appendix 1).
This nested PCR identified the 2 samples not identified by the initial
PCR (CIT78 and 75), the degenerate primers hexSdeg (forward) and hex4deg
(reverse) were designed by Allard and co-workers based on sequence data.
This product was not suitable for typing by the RE digest as it did not contain
the restriction sites present in the 301 bp amplicon of the 1^' round PCR. The
region of the hexon gene amplified by this PCR did not contain the restriction
sites required for the typing scheme.
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3.12: Restriction endonuclease digest of hexon PCR product

Lane Contents
5

Ad4I positive control

4

Ad40 positive control

3

CrrAD77 clinical sample

2

C1TAD76 clinical sample

1

CrrAD74 clinical sample

M

Molecular Weight Marker XIV

Figure 3.15. Rli digest of PCR product by sal I. Cleavage of the PCR product
to produce bands of 109 and 192 bp indicate the presence of enteric adenovirus.
The initial PCR product was digested the with the restriction
endonuclease Sa/I, based on the size of product resulting from this reaction,
the serotype of the virus can be identified. If this enzyme cleaved the PCR
product then the isolate is from within subspecies F. This digested product
was then digested with H/nfl, if this enzyme cleaves the product the isolate is
Ad41, no cleavage identified the isolate as Ad40 (Allard et al., 2001). This
restriction analysis is designed such that only the PCR product of F
adenoviruses will be cleaved by Sa/I or Taq\. If these enzymes failed to cleave
the product, an alternate enzyme can be used to identify adenoviruses from
other subspecies. The initial cleavage by Sa/I produces fragments of 109 and
192 bp.
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Lane Contents
5

Phage X DNA

4

Ad40 positive control

3

Cri’AD77 clinical sample

2

CrrAD76 clinical sample

1

Cl rAD74 clinical sample

M

Molecular Weight Marker XIV

Lower arrowheads are at the 100 bp and
200 bp bands of marker grade XIV (Appendix I). I he upper arrowheads
indieate produel sizes of 131 and 118 bp, indicating the presence of Ad41.
Figure 3.16. RI-: digest ofi^CR product by iiinf\.

The Hint I digest discriminates between Ad40 and Ad41. If fragments
of 131, 118, and 52 bp are produced, the sample was Ad41. Adenovirus Ad
40 is identified if no cleavage occurs and the 301 bp PCR product appears on
the gel intact (Lennon et al., 2007). Phage A DNA was added as a control to
monitor the activity of the endonuclease. The white arrowhead identifies the
undigested 301 bp PCR product of the Ad40 control. The A DNA was cleaved
but there was insufficient enzyme in the reaction mixture to fully digest the
PCR product of sample Ad74.
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Section IV
Discussion
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4.0: Discussion
Adenovirus and bovine coronavirus were analysed by cell culture and
molecular biology (PCR and RE analysis). A panel of cell lines (HRT-18, HT29, CaCO-2, SW-620, and MA-104) was infected with BCV, obtained from the
RVL, BCV was able to induce infection in the cell lines used in the
investigated. The requirement for the presence of trypsin in the infection
media in order to induce infection was also investigated. BCV samples
produced infection in cell culture in the presence and absence of trypsin,
although the appearance of the c.p.e. induced was different. While many
combinations of cell line and infection conditions were investigated, no pattern
emerged to differentiate clinical samiples containing BCV only and mixed
infections with BCV and bovine rotavirus (BRV). It was not possible to identify
the viruses in samples based on how the samples infected the various cell
lines available, as no distinctive patterns of cpe were observed for the
individual viruses. The initial investigation identified HRT-18 cells infected in
the presence of trypsin as the ideal system to observe BCV infection in vitro.
The data from the initial investigation is summarized in Appendix III.

It may be possible to manipulate the infection conditions to select for a
specific virus. At the cellular level it may be possible to distinguish between
the different viruses, for example, the viroplasm formation of rotaviruses
(Eichwald et al., 2004).
In an agricultural context, vaccines are available for bovine rotavirus
and coronavirus. These viruses, however, continue to infect cattle in Ireland.
BCV is often shed is the faeces of healthy calves (Kapil et al., 1996).
07

Therefore, virus detection alone may not identify the cause of a case of bovine
diarrhoea. Rapid identification of the cause of illness is important to prevent
the slowing of growth and weight gain. BCV is also associated with the bovine
respiratory disease complex, commonly seen in the intense rearing of cattle in
North American feedlots (Gagea, et al., 2006).
The infection of AT3 cells expressing the anti- apoptotic gene bcl-2
yielded interesting results. Infection with samples of BCV and BRV caused
c.p.e. in AT3-Bcl-2 cells. While samples containing only BCV did not do so.
The ability of the SARS-CoV to induce apoptosis in cell culture has been
studied.
The isolation and potential molecular analysis of BCV RNA was
unsuccessful. At that point the investigation focused on enteric adenovirus.
Enteric adenovirus clinical samples were used investigated for their
ability to infect intestinal cell lines in vitro. The human intestinal cell lines
HRT-18 and HT-29 were both observed to support the infection of adenovirus.
There was a range of different responses observed with adenovirus infection
of these cell lines. Some clinical samples only induced infection in one cell
line and not the other (Table 3.5). A range of outcomes of cell culture
infection were observed, in terms of appearance of cpe and time taken for cpe
to be observed. The virus titres present in the original samples may have had
an impact on the outcome of infections, using standard volumes for all
samples.
A panel of adenovirus samples were teseted using an ELISA kits for
adenovirus and rotavirus (DakoCytomation Ltd.). Both clinical samples and
cell culture passages were tested. The rotavirus ELISA identified samples
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which were observed to have nucleic acid banding patterns characteristic of
rotavirus.
Two different PCR were investigated for the identification of enteric
adenovirus. The PCR directed against the adenovirus fibre gene was
designed by Xu and co workers (Xu et al., 2000) and the PCR using
degenerate primers directed against the hexon gene was designed by Allard
and co-workers (Allard et al., 2001).
All the adenovirus samples examined by the fibre PCR were identified
as serotype Ad41. Previous studies have identified a change in the ratio of
Ad40 and Ad41 in cases of gastroenteritis. Enteric adenovirus Ad40 is
becoming less common in cases of adenovirus (Lennon et al. 2007). The
hexon PCR used had the advantage of a second nested step designed to
eliminate the potential for false negative results. The nested PCR was
required to identify 2 samples that could not be identified by the initial hexon
PCR. The restriction endonuclease digest identified all the samples as
serotype Ad41.
The quantity of sample obtained limited the amount of analysis that
could be carried out. The samples were collected after clinical and diagnostic
laboratories had completed their analysis and frequently the amount of
sample provided was sufficient to carry out either cell culture or molecular
analysis, but not both.
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4.1: Future directions
Use of enzymes e.g. pancreatin or chymotrypsin (Benfield and Saif,
1990) or other agents such as dactinomycin or DEAE-dextrin may increase
the production of BCV cpe and may be used to produce a selective
environment to identify the nature of an infection (Kapil et al., 1996).
The effects of BCV infection of cells expressing the anti-apoptotic gene
bcl-2 yielded interesting results which merit future study. More cell culture
infections are required, as a larger data set may reveal a more distinct pattern
of infection. Induction of apoptosis can be identified using techniques such as
DNA fragmentation assays to detect the occurrences of internucleosomal
DNA cleavage. The effects of the expression of bcl-2 could be studied by the
development of an infectious center assay for BCV.
Recent studies of adenovirus in Canada and Ireland identified both Ad
40 and Ad41 circulating in these populations (Sarantis et al., 2004, Logan et
al., 2006). The small samples size of this study was a limiting factor. Further
study is required to determine if Ad40 is still circulating in the Irish population.
The unique physicochemical features of enteric adenovirus Ad41 along
with its method of replication make it a potentially useful candidate as a
delivery mechanism for gene therapy. Study of its behaviours in cell culture is
an important to develop the virus as a potential vector.
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Appendix I: Molecular Weight Markers

Grade 111 (0.12-21.2 kbp) (Roche Diagnostics GmbH, Germany)
The bacteriophage lambda (X) DNA is fragmented in a restriction digestion with Eco
R1 and Hind 111 endonuclease. The digestion reaction results in 13 double-stran+-ded
DNA fragments: 21226, 5148, 4973, 4268, 3530, 2027, 1904, 1584, 1375, 947, 831,
564, and 125 as determined by computer analysis of the >^DNA sequence.
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Grade XIV (100 - 1500 bp) (Roche Diagnostics Gmbl 1, Germany)

The mixture contains 15 double-stranded DNA fragments with the following base pair
lengths: 100. 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200. 1300, 1400,
1500 and an additional band of 2642bp. The 250 bp and 500 bp banding pattern is two
to three times brighter. The 500 bp and 1000 bp banding pattern is two to three times
brighter.
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Appendix II: Cell Culture Materials and Methods
1. Cell Culture Media
1.1 HRT-18 Medium
RPMI-1640 (Gibco BRL, Scotland)
10% Fetal Bovine Serum (Gibco BRL, Scotland)
1% L-Gultamine, Penicillin Streptomycin (l-G, PS) (Gibco BRL, Scotland)

•

Media was prepared under sterile conditions observing aseptic
techniques.

•

Typically 500ml of RPMI 1640 was adjusted to contain additives at
percentages given above.

•

Media was sterility tested before use.

1.2 HT-29, SW 620 Medium
Dubibecco’s Modified Eagles Media (Gibco BRL, Scotland)
10% Fetal Bovine Serum (Gibco BRL, Scotland)
1% L-Gultamine, Penicillin Streptomycin (l-G, PS) (Gibco BRL, Scotland)

Modified for MA-104, CaCO-2 by addition of 1% non-essential amino acids
(Gibco BRL, Scotland).

1.3 Cell freezing medium
90% Newborn calf Serum (Gibco BRL, Scotland)
Dimethyl sulfoxide DMSO (Sigma)
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1.4 Phosphate Buffered Saline (PBS)
NaCI

40.Og

KCI

1.0g

Na2HP04

7.2g

KH2PO4

1.2g

dH20 to 5L
Adjust pH to 7.4 Autoclave before use.

1.5 Trypsin
Gibco stock solution: 25.0g/l = 0.025gm/l = 25000^/g/ml
This neat stock solution was diluted by 3 serial 1 in 10 dilutions in sterile PBS.
Resulting in a 25/7g/ml working stock.
To achieve standard trypsin concentration for viral infection 2ml of
stock was added to 98ml of cell culture media or PBS as required.
IX Trypsin for cell culture work is a 1 in 10 dilution of Gibco stock solution.

1.6 Aseptic Technique
All of the procedures outlined were carried out observing the principles
of Aseptic Technique. These techniques are important when working with cell
culture systems to prevent ubiquitous environmental microorganisms
contaminating the culture. Due to the different growth rates between
eucaryotes and prokaryotes, bacteria would rapidly outgrow eucaryotic cells in
a flask. It was also important to prevent contamination of the environment
with the viruses being studied.
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•

It was important, before commencing work, to swab benches and work
surface under the hood with 70% ethanol.

•

Working under a laminar airflow biological safety cabinet should have
limited any contamination.

•

When any objects were brought into the hood they are first wiped with
a tissue dampened with 70% ethanol.

•

Any possible sources of contamination were removed and disposed of
to remove clutter.

•

When bottles were opened lids were removed for the minimum amount
of time required.

•

When a lid was removed from a bottle it was placed where hands
would not pass over, or otherwise come into contact with them.

•

Media made up was sterility tested before use (i.e. ideally 24h before
required).

All equipment to be used was either obtained as a single use, factory sealed
sterile item or was autoclaved before use.

1.7 Sterility Test

Luria - Bertani (LB) Broth:
LB broth powder (Sigma)

25g

Sterile dH20 to 1L
Adjust pH to 7.0 +/- 0.2
Autocalve
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Media was sterility tested before the addition of L-G, PS as antibiotics may
mask low-level bacterial contamination.
•

2ml of media / solution to be tested

•

10ml of LB broth

This was incubated at 30 - 37C for 2-3 days. If contamination was present
bacterial growth was observed as the medium turns cloudy. A control of
sterile LB broth was incubated at the same time.

1.8 Cr^opreservation of cells

1 Flask of confluent cells
Cell culture media, sterility tested, formulated as required for cells
Cell Freezing medium
PBS pH 7.4
IX Trypsin
Sterile Cell Freezing vial
50 mL Falcon (centrifuge) tube
•

The cells to be frozen, ideally a confluent monolayer, were rinsed with
PBS and trypsinized (1.10 Passing Cells).

•

Cell culture media was added and cell suspension was transferred to a
sterile 50 mL Falcon tube and centrifuged at 1,800 RPM for 10 min to
pellet the cells.

•

The supernatant was removed and the centrifuge tube gently tapped to
dislodge the pellet, 1 mL of cold freezing medium was added and the
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resulting suspension gently aspirated until a homogenous suspension
was obtained. This cell suspension was transferd to freezing vials.
•

The remaining cell suspension was sterility tested.

•

The vials were placed in a -80°C freezer overnight before being transferred to a 150°C cryogenic freezer.

1.9 Recovery of Frozen Cells

1 vial of frozen cells
Cell culture media, sterility tested, formulated as required for cells
T25cm^ Sterile Tissue Culture Flasks
Grant W22 Waterbath 37°C.

•

A vial of cells was removed from storage at -150°C and thawed by
placing in a 37°C waterbath. The rim of the vial was kept above the
level of the water.

•

The contents of the vial was transferred to a T25 culture flask and
the volume of liquid in the flask brought to 15ml with cell culture
medium at 37°C.

•

The flask was incubated at 37°C, 5% CO2.

Cells may take a few days to recover and start to grow properly. Fast growing
culture adapted lines (e g. BHK) can be transferred directly to a T75 flask.

14;

1.10 Passing Cells

1 Flask of confluent cells
1X Trypsin.
Cell culture media, sterility tested, formulated as required for cells
PBS pH 7.4
50ml Falcon centrifuge tubes
T75 Sterile Tissue Culture Flasks

All liquids to be used were first placed in a 37°C waterbath to minimize any
thermal shock to the cells.
•

The medium was poured out of the flask into a clean container without
causing any splashing.

•

The monolayer was washed twice with PBS.

•

Approximately 2 ml of 1X trypsin was added to the flask.

•

The flask was rocked gently to distribute the trypsin over the
monolayer.

•

When the monolayer begins to detach approximately 5 ml of
appropriate cell culture medium was added and aspirated to mix.

•

The medium and cells were transferred to a sterile Falcon centrifuge
tube.

•

The cells were centrifuged at 1,800 rpm for 5 min.
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•

The supernatant was decanted and the pellet dislodged and
resuspended in fresh medium.

•

The cells were counted (see below) and the flasks were seeded as
required.

•

An aliquot of unused cell suspension was sterility tested as previously
described.

143

Appendix III: Cell Culture infection data
Table 3.3 Summary of cell culture infections using bovine fecal samples. Mix
refers to samples which tested positive for both rotavirus and bovine
coronavirus. The different media formulations differ in the presence of trypsin,
serum is not used in the media containing trypsin.

Samples
Cells

Medi
a

HRT-18

1
BCV

trypsin

SW-

CPE+
serum CPE+
trypsin CPE+

620

serum

_

2
BCV
-

CaCO- trypsin CPE+
2
HT-29

MA-104
T-84
ATS

serum
trypsin CPE+
serum
CPE+/
trypsin
serum
trypsin
serum

N/D

3
Mix

4
BCV

5
Mix

CPE+
+
CPE+ CPE+
CPE+
CPE+
CPE+
-

-

-

CPE+

CPE+

-

-

-

CPE+

-

-

CPE+
+

-

N/D

N/D

N/D

CPE+
+

.

6
BCV
-

-

7
Mix

8
Mix

9
BCV

10
Mix

11
Mix

12
BCV

CPE+
CPE+
/CPE+ CPE+ CPE+ CPE+
CPE+
CPE+
-

CPE+ CPE+
-

-

-

CPE+ CPE+
+
/-

-

-

-

CPE+
CPE+ CPE+
CPE+/

-

CPE+
CPE+ /-

Neo
ATS

13
Rota

CPE- CPE-

Bcl-2
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Cells

Medi
a
trypsin

HRT-18
serum
SW-

trypsin

620

serum

15
BCV

16
Mix

17
Mix

19
Rota

20
Rota

24
BCV

25
BCV

29
BCV

32
Mix

33
BCV

L10

WA

CPE+ CPE+
CPE+
CPE+
CPE+ CPE+ CPE+
CPE+ CPE+ CPECPE+ ++
++
/+
CPE+ CPE+
CPE+
++
-

CaCO- trypsin CPE+
++
2
serum
HT-29

37
BCV

-

trypsin

CPE+
++
CPE+
++
CPE+
++
CPE+
CPE+
++

serum
MA-104 trypsin
serum
T-84

trypsin

-

CPE+
++

-

CPE+ CPE+
//-

CPE+
+

serum
ATS
Neo
ATS
Bcl-2

CPE+
+
CPE-

CPE+

CPE+

CPE+

CPE- CPE-

CPE-

CPE-

CPE-

CPE+
CPE+
+
+
CPE+
CPE+
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CITADI
2
3
4
5
6
1
11
13
14
15
16
1/
23
24
29
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
48
49
51
53
55
56
58
61

CUH#
MF6618
MF6801
MF6643
MF6608
MF6619
MF6710
MF3265
MF3638
MF2611
MF2618
MF6618
MF6710
MF2360
MF696/
MF8010
MF7823
MF7824
MF7822
MF/605
MF8332
MF8353
MF0045
MF7907
MF8383
MF0487
MF7916
MF7903
MF0042
MF0929
MF0783
MF0729
fvlF1137
MF1220
314A
322A
317A
MF1918
MF1880
MF2345

D.O.B.
m
28/06/2003
11/10/2001
26/08/2003
N/A
N/A
26/09/0X
21/04/2002
22/11/2001
71/A
04/10/2003
10^02/2001
09/10/2002
17/11/2002
03/08/2001
20/10/2000
26/08/1999
25/06/2002
29/01/2003
N/A
19.'12/2003
16/08/2003
27/06/2003
17/07/2003
05/12/2003
11/09/2003
N/A
06/12/2002
23/03/2001
08/11/2002
24..01/2003
N/A
23/03/2003
N/A.
N/A
N/A
N/A
N./A
29/12/2000

Cell Culture
immunoInfection
cytochemisty
results HRT-18 HT-29
Ad only
Ad only
Ad only
+
Ad only
Ad only
+
Ad and RV
+
Ad only
Ad only
+
Ad and RV
Ad and RV
+
Ad only
+
Ad and RV
+
+
Ad only
+
+
Ad only
+
Ad only
Ad only
Ad only
Ad only
+
+
Ad and RV
+
+
Ad only
Ad only
+
+
Ad and RV
+
+
Ad only
Ad and RV
Ad only
Ad only
+
Ad only
+
Ad only
+
+
Ad and RV
+
Ad only
Ad only
Ad only
Ad only
+
+
Ad only
+
Ad only
Ad only
+
+
Ad only
+
Ad only
+
+
Ad only

DNA
+
+
+
+
+
+
+

Adeno ELISA
AdF PCR
Rota ELISA
Pre cc Post cc Pre cc Postcc Pre cc Post cc

+
+

+
+
+

+

+
+

+
+
+
+
+

+
+

+
+

+
+

+
+

+
+
+
+
+
+

+
+
+
+
+
+

+
-

+
+

+

+

+

+

+
+

+

+
+
-

+
+
+

'Fable 3.4 Summary of cell culture infections using adenovirus clinical samples.
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Appendix IV: Cell Culture data

Cell lines used in this investigation.
Name

Morphology

Species

Tissue

AT3-Neo

Epithelial

rat

prostate

AT3-Bcl-

Epithelial

rat

prostate

Epithelial

African Green

kidney

Viruses

2
MA-104

Wa

Monkey
BHK-21

Fibroblast

Hamster

kidney

CaCO-2

Epithelial

Homo sapiens

Colon

(male)
HRT-18

Epithelia

Homo sapiens

Rectum adeno

(male)

carcinoma

HT-29

Epithelial

Homo sapien (male)

colon

SW - 620

Epithelial

Homo sapien (male)

Colon

Wa, Ad, BCV.

Wa,
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